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The aim of this research was to device a (bio) remediation strategy for arid desert 
soils that are polluted with crude oil through: selecting plants that can tolerate 
petroleum oil and grow under arid conditions, inoculating plants with the fungus 
T.harzianum T22 and optimizing environmental factors. Experiments were fIrst 
carried out in temperature controlled glasshouses and laboratories, with optimized 
systems then being trialled under fIeld conditions. Maize, wheat, acacia, alfalfa and 
sunflower plants were tested. The most tolerant to crude oil contamination was 
maize, which germinated at all concentrations. This could be because maize is a C4 
plant which uses less water than C3 plants for metabolism. The number of 
hydrocarbon degraders was higher in the rhizosphere of maize than in non-
rhizosphere soil, suggesting that plant root exudates provide microorganisms capable 
of degrading hydrocarbons with essential mineralization nutrients. Consequently, 
planting maize in petroleum contaminated soil increased the mean degradation rate of 
petroleum hydrocarbons by 35% during the first 4 weeks. Plants inoculated with 
Trichoderma T22 grew better than non-inoculated plants with shoot and root dry 
weights increasing by a mean average of 18% and 7% respectively. Even at high 
concentrations of petroleum oil (100,000 andl50, 000 ppm), better plant growth was 
obtained with inoculated plants. Besides optimizing biotic factors, abiotic factors 
such as nutrient availability, moisture content and temperature also proved crucial for 
enhancing the degradation of hydrocarbons in desert soils. Microbial respiration rates 
were almost 50 times higher at 50% WHC of the soil compared to dry soil. 
Maintaining temperatures between 25 and 35°C resulted in fast degradation of 
hydrocarbons. Therefore, in outdoor trials, covering with white polyethylene not 
only reduced moisture loss but also had a cooling effect. 
In conclusion, hydrocarbon degradation in polluted desert soil can be enhanced 
dramatically by optimizing both biological and abiotic parameters. 
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crude oil at a rate of 75g1kg soil. CO2 evolution was monitored over an 8 week 
period (n=3). 
Table 46: Effect of inoculation (as spore suspension at rate of 19lkg soil) with 119 
T.harzianum (T22), hydrogel and covered with white polyethylene on the 
biodegradation of some hydrocarbons in soil poUuted with petroleum crude 
oil at a rate of 75g1kg soil. Hydrocarbons were monitored 4, 6 and 8 weeks 
after sowing using GC/MS (n=3). 
XVIII 
In. "trod u.c"tion. 
Petroleum crude oil is extracted world-wide. The world increased its daily oil 
consumption from 63 million barrels (Mbbl) in 1980 to 85 million barrels per day in 
2006. World demand for oil is projected to increase 37% over 2006 levels by2030 (118 
million barrels per day) which consequently meets the bulk of the world energy 
requirements. If it is accidentally discharged into the environment, it can cause severe 
and lasting damage. Saudi Arabia is increasing its production and oil is shipped all over 
the world through pipelines and via tankers. As shipping traffic becomes congested, the 
odds of spillage and accidents put the environment at great risk. 
Extensive petroleum hydrocarbon exploration activities often result in the 
pollution of the environment which could lead to disastrous consequences for the biotic 
components of the ecosystem if not restored. Remediation of petroleum-contaminated 
systems could be achieved by either physicochemical or biological methods (Okoh, 
2006). 
Although conventional methods such as physical removal are the first response 
option, they rarely achieve complete cleanup of oil spills (Zhu et ai., 2001). According 
to the Office of Technology Assessment (OT A, 1990) current mechanical methods 
typically recover no more than 10-15 percent of the oil after a major spill. As a 
consequence, bioremediation has emerged as one of the most promising secondary 
treatment options for oil removal (Bragg et aI., 1994; Prince et aI., 1994). 
1.1 Pollution of Saudi Arabian soil with crude oil 
The Persian Gulf War brought about some of the worst environmental pollution 
caused by humans. The first and most visible effect was related to the damage caused 
by oil well fires in terms of air pollution as well as potential damage to the petroleum 
reservoirs. The second detrimental effect was caused by the oil spill in the Gulf water 
(El. Baz, 1992). During the second Gulf war, about 700km of the Arabian Gulf western 
coast became polluted with crude oil (Sorkhon et al .. 1995; Hashem. 1996). 
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1.2 Chemistry and biodegradability of petroleum hydrocarbon 
Petroleum has been known for several years to occur in surface soils and oil 
seepage and was fIrst obtained in Pre-Christian times by the Chinese. The modern 
petroleum industry had its beginning in Romania, and oil was also recovered from a 
well, sunk in Pennsylvania by Colonel Drake in 1859 (Alloway and Ayres, 1993). The 
principal early use of the products of the petroleum industry was for the replacement of 
expensive whale oil for lighting. Today, its consumption as a fuel and its dominance in 
the world market as a source of chemicals has increased tremendously. 
Petroleum is defmed as any mixture of natural gas, condensate, and crude oil. 
Crude oil is a heterogeneous liquid consisting of hydrocarbons comprised almost 
entirely of the elements hydrogen and carbon in the ratio of about 2 hydrogen atoms to 1 
carbon atom. It also contains elements such as nitrogen, sulfur and oxygen, all of which 
constitute less than 3% of the molecular weight of the hydrocarbons. There are also 
trace constituents associated with crude oil, comprising less than 1% (w/w), including 
phosphorus and heavy metals such as vanadium and nickel. 
Crude oils could be classifIed according to their distillation residues as paraffIn, 
naphtha or aromatics (Manani, 2002), and based on the relative proportions of the heavy 
molecular weight constituents are classifIed as light, medium or heavy oils. Also, the 
composition of crude oil may vary with location and age of an oil field, and may even 
be depth dependent within an individual well. About 85 % of the components of all 
types of crude oil can be classified as either asphalt base, paraffIn base or mixed base 
(Bland and Davidson, 1967; Atlas, 1981). 
Among the main other materials usually present in crude oil are small amounts of 
sulfur, nitrogen and oxygen in the form of hydrocarbon derivatives (Schabert, 1990). 
Since, petroleum is not a homogenous mixture, its behaviour in the environment (e.g., 
volatalization, dissolution and adsorption) will not be determined by the ideal behaviour 
of each hydrocarbon components of the product, but by the properties of the mixture 
(Ismail, 2000). 
The composition and properties of various petroleum hydrocarbons have been 
described in detail by Clark and Brown (1977). Large oil databases also exist such as 
the one posted on the internet by Environmental Canada (l'vH'w.etcenttre.orglspills). 
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1.3 Environmental fate of petroleum 
Many authors have studied the relationship between soil properties and petroleum 
behaviour. Crude oil spilled on soil is subjected to volatilization with the range of loss 
being between 0.1 % (Francke and Clark, 1974) to nearly 40% (McGill et al., 198 I). 
Pichtel and Liskanen (2001) reported that over a period of ISO days approximately 
10.6% of diesel range organics were lost by volatilization. 
1.4 Factors influencing petroleum hydrocarbon biodegradation 
Successful application of bioremediation technology to contaminated systems 
requires knowledge of the characteristics of the sites and the parameters that affect the 
microbial degradation of pollutants (Sabate et at., 2004). However, a number of limiting 
factors have been recognized that affect the biodegradation of petroleum hydrocarbons. 
Typical examples of these factors can be summarized as follows: petroleum 
hydrocarbon composition (structure, amount and toxicity), physical state (Aggregation, 
spreading, dispersion and adsorption, weathering, evaporation and photooxidation), 
water potential of the environment (osmotic and matrix forces and exclusion of water 
from hydrophobic aggregates), temperature (evaporation and degradation rates), 
presence of oxidants (02 required to initiate oxidation, and N03 or S04 to sustain 
hydrocarbon biodegradation), availability of mineral nutrients (N, P, Fe may be 
limiting), and presence of microorganisms capable of metabolizing the different 
hydrocarbons (Bartha, 1986 and Okoh, 2006). 
Biodegradability is inherently influenced by the composition of the pollutant. For 
example kerosene, which consists almost exclusively of medium chain alkenes under 
suitable conditions, is totally biodegradable. Similarly, crude oil is biodegradable, but 
for heavy asphaltic-naphthenic crude oils only about I lo/c may be biodegradable within 
a reasonable time period, even if the conditions are favorable (Bartha, 1986; Okoh et al., 
2002; Ghazali et ai., 2004). Okoh (2002) reported that heavier crude oils are generally 
much more difficult to biodegrade than lighter ones. In another report (Rahman et aI., 
2002), the percentage of degradation by a mixed bacterial consortium decreased from 
78% to 52% as the concentration of crude oil was increased from I to 10% in soil. 
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There are many reports on the effect of sunlight radiation on hydrocarbon 
degradation which focuses on the physicochemical changes that occur in crude oil upon 
exposure to sunlight (Jacquot et al., 1996 ; Nicodem et al., 1998). Recent studies have 
reported that photooxidation increases the biodegradability of petroleum by 
hydrocarbon degrading organisms by increasing its bioavailability and thus enhancing 
microbial activities (Maki et al., 2005). 
Temperature plays a very important role in the biodegradation of petroleum 
hydrocarbons, firstly by its direct effect on the chemistry of the pollutants, and secondly 
by affecting the physiology and diversity of the microbial milieu (Okoh, 2006). 
Ambient temperature of an environment affects both the properties of spilled oil and the 
activity or population of microorganisms (Venosa and Zhu, 2003). Temperature also 
affects the solubility of hydrocarbons (Foght et al., 1996). Although hydrocarbon 
biodegradation can occur over a wide range of temperatures, the rate of biodegradation 
generally decreases with decreasing temperature (Bossert and Bartha, 1984 ; Cooney, 
1984). Full scale in-situ remediation of petroleum contaminated soils has not yet been 
used in Antarctica for example, partly because it has long been assumed that air and soil 
temperatures are too low for effective biodegradation (Delille et al., 2004). Exxon 
Valdez spill in Alaska, used differrent types of fertilizers (hydrophilic, oleophilic and 
slow release) were applied to contaminated sections of shoreline. The oleophilic and 
slow release fertilizers led to an increase of petroleum degradation on beach surfaces, 
yielding close to 90% reduction of total resolvable hydrocarbons after 120 days. This 
was probably due to the restricted movement of fertilizers into interstitial water and low 
oxygen availability associated with the finer beach sediments ( Atlas, 1995). 
Aerobic conditions are generally considered necessary for extensive degradation 
of oil hydrocarbons, since major pathways for the degradation of both saturated and 
aromatic hydrocarbons involve oxygenation (Atlas, 1981; Cerniglia, 1992). Microbial 
utilization of hydrocarbons requires therefore an electron acceptor. In the initial attack, 
this electron acceptor has to be molecular oxygen. In the subsequent steps too, oxygen is 
the most common electron acceptor. In the absence of molecular oxygen. further 
biodegradation of partially oxygenated intermediates may be supported by nitrate or 
sulfate reduction (Okoh, 2006). In aerobic metabolism, oxygen is the terminal electron 
acceptor. The reaction creates both carbon dioxide (carbon is oxidized) and water 
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(oxygen is reduced). When something other than oxygen is the terminal electron 
acceptor, the reaction is called anaerobic. In general, aerobic degradation proceeds at a 
faster rate than does anaerobic degradation (Roberts, 1998). 
Nutrients are very important ingredients for successful biodegradation of 
hydrocarbon pollutants, especially, nitrogen, phosphorus and in some cases iron 
(Cooney, 1984). Depending on the nature of the impacted environment, some of these 
nutrients could become limiting thus affecting the biodegradation processes. Hence, the 
addition of nutrients is often necessary to enhance the biodegradation of oil pollutants 
(Choi et ai., 2002; Kim et ai., 2005). Pelletier et ai. (2004) assessed the effectiveness of 
fertilizers for enhancing crude oil bioremediation in sub-Antarctic intertidal sediments 
over one year and observed that degradation of oil improved significantly as determined 
using chemical, microbial and toxicological parameters. 
In another study using poultry manure as organic fertilizer in contaminated soil, 
biodegradation was reported to be enhanced in the presence of poultry manure alone, 
but the extent of the biodegradation was influenced by the incorporation of alternative 
carbon substrates and surfactants (Okolo et ai., 2005). However, high nutrient 
concentrations can inhibit biodegradation activity. Chaillan et ai. (2006) and several 
others have reported the negative effect of high N.P.K levels on the biodegradation of 
hydrocarbons (Oudot et ai., 1998 ; Chaineau et ai., 2005) and more especially on 
aromatic hydrocarbon degradation (Carmichael and Pfaender, 1997). 
Various species of bacteria have been observed to develop different strategies to 
deal with water insoluble substrates, such as hydrocarbons (Rosenberg, 1991). Hence, to 
facilitate hydrocarbon uptake through the hydrophilic outer membrane many oil-
utilizing microorganisms produce cell wall-associated or extra-cellular surface active 
agents (Haferburg et ai., 1986). This includes low molecular weight compounds such as 
fatty acids, triacylglycerols and phospholipids, as well as the heavier glycolipids, 
examples of which include emulsan and liposan (Cirigliano and Carman, 1984; Karanth 
et ai., 2007). 
It is clear that the introduction of external non-ionic surfactants, e.g., the mam 
components of oil spill dispersants, will influence the oil degradation rate (Bruheim and 
Eimhijelle, 1998; Rahman et al., 2003). Experience so far indicates that the use of 
surfactants in situations of oil contamination may have a stimulatory. inhibitory or 
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neutral effect on the bacterial degradation of the oil components (Liu et al., 1995). In 
general, hydrophobic pollutants present in soil and water environments requITe 
solubilization before being degraded by microbial cells (Karanth et aL 2007). 
1.5 Distribution of petroleum-utilizing microorganisms in the 
environment 
Hydrocarbon-degrading bacteria and fungi are widely distributed in manne, 
freshwater and soil habitats. Similarly, hydrocarbon-degrading cyanobacteria have been 
reported to be wide-spread in many habitats (Chaillan et al., 2004; Lliros et al., 2003). 
Typical bacterial groups already known for their capacity to degrade hydrocarbons 
include Pseudomonas, Marinobacter, Alcanivorax, Microbulifer, Micrococcus, 
Cellulomonas, Dietzia and Gordonia groups (Brito et al., 2006). 
Molds belonging to the genera Aspergillus, Penicillium Fusarium, Amorphoteca, 
Neosartoria, Paecilomyces, Talaromyces, Graphium and the yeasts (Candida, Yarrowia 
and Pichia) have been implicated in hydrocarbon degradation (Chaillan et al., 2004). 
1.6 Biological degradation of petroleum hydrocarbon 
It is important to realize that biodegradation of both crude and refined oils 
involves a consortium of organisms including both eukaryotic and prokaryotic forms. 
Despite the fact that many hydrocarbons are toxic to many organisms, there are many 
microorganisms, including bacteria and fungi that use hydrocarbons as a carbon and 
energy source (da Silva et al., 2003). 
1.6.1 Bacterial degradation of oil 
The existence of hydrocarbon utilizing-bacteria, suggests that petroleum crude oil 
m contaminated soils can be degraded as long as the right metabolic feedstock is 
provided to stimulate the growth and multiplication of these bacteria (Okerentugba and 
Ezeronye, 2003; Kogbara, 2008). It is now generally accepted by the scientific 
community that no one species of microorganism will completely degrade any particular 
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oil. Typical bacterial groups already known for their capacity to degrade hydrocarbons 
include Pseudomonas, Achromobacter, Micrococcus, Nocardia, Vibrio, Acinetobacter, 
Brevibacterium, Corynebacterium, Flavobacterium, Marinobacter, Gordonia group, 
Cellulomonas, Alcanivorax, Microbulifer and Sphingomonas (Bartha and Atlas, 1977 ; 
Brito et al., 2006). Bacterial strains active during the biodegradation of hydrocarbon 
were isolated and identified by Marin et al. (1996). Twenty aerobic strains were 
identified by Amund (1996) as Acinetobacter caloaceticus. He and Spain (1997) found 
that Pseudomonas pseudoalcaligenes can use nitrobenzene as a sole source of nitrogen, 
carbon and energy. Nitrobenzene is reduced to hydroxy I-amino benzene. The 2-
aminomuconic deaminase produced by these bacteria releases ammonia from this 
molecule, which serves as the nitrogen source for growth of the organism. 
1.6.2 Fungal degradation 
A huge diversity of fungal species exists in soil. Fungi playa role in degradation 
of hydrocarbons. However, there are significant differences among the fungal taxa in 
relation to their sensitivity and ability to mineralize different types of hydrocarbons. 
Desirable characteristics for metabolizing specific hydrocarbons include rapid growth, 
relatively high tolerance to/and potentiality of utilization of these compounds. These 
active degraders could be chosen for the bioremediation of sites polluted with 
hydrocarbons. For example, Co rio Ius versicolor decreased total hydrocarbon 
concentration from 79 to 32/kg within a 12 month period (Gomez et al., 2003). It is now 
widely accepted that many fungi can degrade petroleum hydrocarbons, such as the white 
rot fungus Phanerochaete chrysosporium (Huynth et al., 1985; Gold et al., 1994), 
Candida and sporobolomyces (Bartha and Atlas, 1977; Yateem et al., 1998 ). 
Davis and Westlake (1979) examined 60 fungal isolates for their ability to grow on 
N-tetradecane, toluene, naphthalene and seven crude oils of various compositions. Forty 
cultures including 25 soil isolates could grow on one or more of the crude oils. The 
genera most frequently isolated from soils were those producing large quantities of 
small conidia, e.g., Penicillium and Verticillium spp., together with oil-degrading strains 
of Beauvaria bassianae, Mortierilla spp., Phoma spp., Sclerobasidium oboratum and 
To/ypocladium infiatum. 
- 7-
Hashem and AI-Harbi (2000) isolated A.flavus, A.niger, Curvuiaria lunata and 
Trichodenna spp. from sandy soil contaminated with crude oil incubated for five weeks. 
Trichodenna spp. exhibited an increasing mycelium dry weight with increasing crude 
oil concentrations, while Rhizopus spp. exhibited the lowest degradation capability of 
crude oil. The most widely studied fungus is Trichodenna harzianum, which grows best 
in the presence of petroleum hydrocarbon, followed by A. flavus and Chaetomium 
botrychoid. (Bokhary and Parvaz, 1993). Also, Penicillium spp., Trichodenna viride, 
Alternaria tenuis and Aspergillus terreus can degrade petroleum oil as reported by 
Gomez et al. (2003). 
However, reports in the literature on the actual numbers of hydrocarbon utilizers 
are at variance with one another because of the methodological differences used to 
enumerate petroleum-degrading microorganisms. The most common method to isolate 
hydrocarbon degraders involves the use of hydrocarbons incorporated into an agar-
based medium (Horowitz et ai., 1978). 
1. 7 Enumeration of petroleum degrading microorganisms 
In order to demonstrate that biodegradation is taking place in the field, the 
chemistry of the environment must be shown to change in ways that would be predicted 
if bioremediation were occurring (NRC, 1993; Zhu et ai., 2001). 
The use of silica gel-oil media for the enumeration of petroleum-degrading 
microorganisms has been recommended. Walker and Colwell (1976), suggested that 
counts of petroleum degraders can be expressed as a percentage of the total population 
rather than as total numbers of petroleum degraders. Silica gel media used for 
propagation and isolation of petroleum-degrading fungi were prepared using procedures 
decribed by Fuank and Krulwich (1964). The medium was supplemented with 
fungizone fungicide to prevent growth of yeast and fungi. In this study the concentration 
of oil in the medium used was 0.5% (v/v), which yielded the highest recovery of 
bacteria. Also, the ability of microorganisms to utilize hydrocarbons is widespread even 
in environments not subjected to high levels of hydrocarbon pollution. Atlas (1978) 
reported that quantitative differences in the distribution of hydrocarbon utilizers were 
relatively unimportant over large geographic distances. 
- 8 -
The most probable number (MPN) procedure has also been tried as a substitute for 
the plate count techniques for the estimation of hydrocarbon-utilizing microorganisms, 
since it eliminates the need for the solidifying agent and permits direct assessment of the 
ability of an organism to actually utilize hydrocarbons. The use of liquid media for 
MPN also permits removal of trace organic contaminants and allows for the chemical 
definition of a medium with a hydrocarbon as a sole source of carbon (Zhu et al., 2001; 
Okoh, 2006). This technique thus incorporates the specificity for counting only 
hydrocarbon utilizers and eliminates the problem of counting organisms growing on 
other trace organic contaminants that are often present in solid media (Braddock and 
Catterall, 1999). Zhongyun (1998) reported that the degradation of total petroleum 
hydrocarbons could be quantified by monitoring hydrocarbon concentration using Gas 
Chromatography and by bacterial counting. This method is simple enough for use in the 
field and provides reliable estimates for the density and composition of specific 
hydrocarbon degrading populations (Wrenn and Venosa, 1996 and Rice and 
Hemmingsen, 1997). 
1.8 Bioremediation: the use of living organism for the remediation of 
polluted sites 
Growing awareness of the harmful effects of pollution to the environment and to 
human health has led to a marked increase in research into various strategies that might 
be used to clean up contaminated sites. Many conventional engineering based 
decontamination methods are expensive due to the cost of excavating and transporting 
large quantities of contaminated materials for ex-situ treatment, such as soil washing, 
chemical inactivation, i.e., the use potassium permanganate and / or hydrogen peroxide 
as a chemical oxidant to mineralize non-aqueous contaminants such as petroleum purely 
by chemical mechanism (Wrenn, 2003) and incineration (Chaudhry et al., 2005 ; Pilon-
Smits, 2005)). The increasing costs and limited efficiency of these traditional physico-
chemical treatments of soil have spurred the development of alternative technologies for 
in-situ applications, in particular those based on biological remediation capabilities of 
plants and microorganisms (Singh and Jain, 2003; Chaudhry et ai., 2005) 
The term bioremediation refers to the use of living organisms to degrade 
environmental pollutants (Dua et ai., 2002; Kuiper et al., 2004; Barea et al., 2005). 
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According to Anderioni et al. (2004) bioremediation is a method that uses 
microorganisms to remove petroleum oil pollutants from soil under controlled 
conditions. 
1.8.1 Intrinsic bioremediation (Natural attenuation) 
The simplest form of bioremediation is natural attenuation (NA) or bio-attenuation 
during which the indigenous microbial populations degrade recalcitrant hydrocarbons or 
xenobiotics based on their natural, non-engineered metabolic processes (Widada et al .. 
2002 ; Kuiper et ai., 2004). 
According to the Environmental Protection Agency in the United States (USEP A, 
1999), NA or intrinsic remediation processes include a variety of physical, chemical and 
biological processes that act to reduce the mass, toxicity, mobility, volume, or 
concentration of contaminants. These processes include aerobic and anaerobic 
biodegradation, dispersion, dilution, sorption, volatilization, radioactive decay and 
chemical or biological stabilization, transformation, or destruction of contaminants 
(Rittmann, 2004). NA can be applied on sites with low environmental or public value, 
when time is not a limiting factor and where no other restoration techniques are cost 
effective (Kuiper et al., 2004). 
1.8.2 Types of bioremediation 
Bioremediation technologies can be generally classified as 1) in situ or 2) ex 
situ. In situ bioremediation involves treating the contaminant without removal of the 
contaminated material. The microbial strains for in situ bioremediation may be obtained 
from a variety of sources, the obvious source would be from the site itself. Nutrients, 
inorganic fertilizers (N and P) and oxygen are added to the soil to encourage the growth 
of the microorganisms. The oxygen can be supplied by bioventing which stimulates 
hydrocarbon degrading microorganisms. As the contaminated soil is left in its original 
location, the treatment is non-invasive. The treatment usually takes a long time to 
complete and is difficult to monitor. Ex situ remediation involves the removal of the 
contaminated material to be treated elsewhere. The primary method used in ex situ 
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bioremediation are slurry phase treatment and solid phase treatment (Frick et al., 1999). 
Some example of bioremediation technologies are as follows:-
1- Bioreactors 
Above-ground bioreactors have been used widely to treat industrial effluent 
and contaminated waste and soils in a slurry form (Frick et ai., 1999). Bioreactors are 
designed to maximize microbial degradation of petroleum hydrocarbons under 
controlled conditions and to minimize abiotic losses of the contaminants. Soil is mixed 
with microorganisms and are encouraged to degrade the pollutant by providing them 
with optimum conditions of pH, oxygen and nutrients. 
2- Solid phase treatment 
Solid phase bioremediation involves treating petroleum-contaminated soil on 
site, in a contained above ground system. This type of bioremediation uses indigenous 
soil microorganisms to degrade contaminants. Fertilizers, microbial inocula or 
surfactants can be applied to the contaminated material to enhance petroleum 
biodegradation (Frick et ai., 1999). 
3- Landfarming 
Landfarming is a process in which petroleum-contaminated soil is spread out 
10 a layer 0.3 to 0.5 m thick and tilled every 4 days with addition of nitrogen and 
phosphorus in the form of granular agricultural fertilizers. Aerating surface soil via 
tilling, irrigation and fertilization encourages the indigenous soil microorganisms to 
degrade the crude oil. However, landfarming can only be used to degrade PAHs with no 
more than three aromatic rings (Frick et ai., 1999). 
4- Composting 
Involves making piles of contaminated soil, which are fertilized and irrigated 
to encourage indigenous microorganisms to degrade petroleum crude oil. The 
bioremediation of petroleum hydrocarbons can be improved by compost amendment, 
such as fishbone compost enriched with urea, inorganic phosphorus and a lipidic 
surfactant. Also, spent mushroom substrates and bark compost are a rich source of 
microorganisms able to degrade pollutants (Frick et ai., 1999). 
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5- Bio-stimulation 
Uses the addition of nutrients and microorganisms to enhance the 
degradation of petroleum-contaminated soil. It involves the stimulation of resident 
xenobiotic-degrading bacteria by addition of electron acceptors, water, nutrients, or 
electron donors (Madsen, 1991; Widada et ai., 2002). In many cases however, 
fertilization practices on contaminated sites using compost, nitrogen. phosphorus, and 
other carbon sources has been unpredictable (Ramadan et ai., 1990; Namkoong et ai., 
2002; Kuiper et ai., 2004). 
6- Bio-augmentation 
Uses also the addition of nutrients and enzymes to enhance the growth of 
microorganisms to degrade petroleum in contaminated soil. Bio-augmentation is a 
method to improve degradation and enhance the transformation rate of xenobiotics by 
introducing either wild type or genetically modified microbes into soil (Kuiper, et al., 
2004). Bioinoculation involves introducing beneficial, natural microbes into soil by, 
e.g. using, seed coatings or by mixing microbes into a peat preparation. The laboratory 
scale results of seeding microbes for degradation of soil pollutants have been ambiguous 
(Kuiper et ai., 2004). Possible reasons for the failure of microbial inoculation could be 
one or more of the following (Goldstein et al., 1985 ; Kuiper et al., 2004) : First, the 
concentration of the contaminants at a site can be too low to support growth of the 
inoculants. This also includes the problem of low bioavailability of certain pollutants. 
Secondly, the presence of certain toxic compounds in the environment can inhibit the 
growth or activity of the inoculated micro-organisms. Thirdly, the inoculant can prefer 
to use other carbon sources present in soil, instead of the contaminant. Fourthly, 
inocula may fail because of the inability of the microbes to spread through the soil and 
reach the pollutant. Co-inoculation of a consortium of microbes, each with different 
parts of the catabolic degradation route, involved in the degradation of a certain 
pollutant is often found to be more effective than the introduction of one single strain 
with the complete pathway to degrade the contaminant (Rahman et ai., 2002 ; Kuiper et 
ai.,2004). 
Odokuma and Dickson (2003) evaluated a combination of options including 
bio-stimulation with agricultural fertilizers, bio-augmentation and physical processes in 
the clean up of crude oil polluted soil for a period of 9 weeks. They found that there was 
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an increase in the total heterotrophic bacterial and hydrocarbon utilizing bacterial counts 
throughout the period. These results suggest that bio-stimulation with tilling (nutrient 
enhanced in-situ bioremediation) and/or the combination of bio-stimulation and bio-
augmentation with indigenous hydrocarbon utilizers would be effective in the 
remediation of crude oil polluted soils. Enhanced degradation of petroleum, and poly-
aromatic hydrocarbons (PAHs) was observed in rhizosphere soil of Festuca 
arundinacea with a maximum reduction in pyrene degradation rate that was 36% higher 
than in the bulk soil. Also, the rhizosphere soil contained higher bacterial numbers than 
the bulk soil (Ho and Banks, 2006). 
7 - Bioventing 
The addition of oxygen which stimulates aerobic hydrocarbon degrading 
microorganisms where the contaminated soil is left in its original location (Frick et ai., 
1999). 
1.8.3 Bioavailability 
The bioavailability of organic compounds is one of the most important factors that 
determine the overall success of a bioremediation process (Chaudhry et ai., 2005). 
Pollutant bioavailability depends on the chemical properties of the pollutant 
(hydrophobicity, volability), soil properties, environmental conditions and biological 
activity (Pilon-Smits, 2005). There is disagreement among researches whether or not a 
contaminant has to be dissolved in water to be bioavailable or whether microorganism 
can utilize them directly. However, solubility and dissolution rates undoubtedly affect 
bioavailability (Shor and Kossen, 2000). Hydrophobic, less water-soluble molecules 
sorb more strongly to soil components than hydrophilic molecules. 
Many attempts have been made to increase the bioavailability of hydrophobic 
compounds by using surfactants. However, microorganisms themselves produce a range 
of biosurfactants, the composition and quantity of which is dependent on growth 
conditions (Maier, et ai., 2000). Surfactants are amphipathic molecules with a 
hydrophobic and hydrophilic part (Kuiper, et ai., 2004 ; Pilon-Smits, 2005). Many 
microbes can produce such surface active agents, referred to as biosurfactants, to 
enhance the water solubility and subsequent bacterial degradation of organic 
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contaminants (Kuiper et al., 2004). Microorganisms have developed different strategies 
to overcome the problem of the low bioavailability of hydrophobic substrates using 
three mechanisms: a) high-affinity uptake systems (Miyata et al., 2004), b) adhesion to 
the solid substrate, sometimes with the formation of a biofilm (Eriksson et al., 2002), 
and c) production of biosurfactants or emulsifiers (Lang, 2002). 
1.9 The role of microbial communities in soil 
Soil is one of our most valuable resources available to life on earth. It regulates 
global biogeochemical cycles, filters and degrades pollutants and enables food 
production. One particular significant component of soil is microbial communities or 
diversity (Borneman et al., 1996). Kennedy and Smith (1995) described some of the key 
processes that are controlled by microorganisms, including the decomposition of 
organic material, increasing nutrient availability of P, Mn, Zn and Cu, nitrogen fixation, 
biological control of pests, biodegradation of pesticides and pollutants and finally 
improving soil aggregation. 
Microorganisms are vital to the function and maintenance of the ecosystem and 
biosphere. They can be used for the biomonitoring of global ecosystems, cleaning of 
environments (bioremediation), for counteracting climatic changes, for minimizing the 
effects of pollutants and other habitat disturbances (Atlas, 1984). 
Microbial communities in soil are made up of five major groups, namely, bacteria, 
actinomycetes, fungi, algae and protozoa. Bacteria are the most abundant group. Soils 
are reported to contain 105 - 108 culturable bacteria, 106 - 107 culturable actinomycetes 
and 105 - 106 fungal colony forming units per g dry soil (Lawlor et al., 2000). 
1.9.1 Rhizoremediation 
Remediation of soil contaminated with organic chemicals using techniques such 
as incineration and land filling can be expensive. An alternative technique which 
involves the mutualistic relationship between plants and microorganisms to break down 
contaminants can be used to clean-up the environment. This technique is called 
rhizoremediation (Nichols et al., 1997). Rhizoremediation is a technique that is used to 
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clean up the environment contaminated with hazardous pollutants. Plants remediate 
organic pollutants by: -1) direct up-take of contaminants, which are converted into non-
toxic substances which are accumulated in the cells, -2) release of exudates and 
enzymes by roots of plants stimulating microbial activity and biochemical 
transformation of pollutants (Mackova et ai.,1997). Rhizoremediation is an effective, 
non-destructive and inexpensive means of remediating the environment (Chaney et ai., 
1997). It is more cost effective than other methods such as mechanical and chemical 
methods of removing hazardous compounds from the environment (Pradhan et al., 
1998). Besides, rhizoremediation is a natural, aesthetically pleasing and low cost 
technology. It is socially accepted by surrounding communities and regulatory agencies 
as a potential elegant technology (Alkorka et ai., 2001). 
Walton et al. (1994) speculated that when a chemical stress is present in the soil, a 
plant may respond by increasing or changing its exudation rate into the rhizosphere 
which results in the modification of the rhizosphere microflora composition or activity. 
As a result, the microbial community might increase the transformation rates of the 
toxicant. 
Nichols et al. (1996) showed that some bacteria grow and multiply in a selective 
enrichment medium amended with a mixture of petroleum aromatic hydrocarbons and 
had the ability to degrade PAHs in the rhizosphere of alfalfa and blue grass. Chaineau et 
al. (1997) showed a rapid adaptation of the soil microbial community to degradation of 
hydrocarbons in an agricultural field plot amended with drill cuttings, and blue grass. 
1.10 Role of hydrogels 
In arid regions, lack of moisture is one of the major causes of low microbial 
activity. This also means that hydrocarbon degradation is likely to be inhibited if there 
is little available moisture. Germination rates of seeds are sometimes enhanced when 
hydrophilic polymers are used because of the increase in water availability, especially in 
arid and semi arid environments (Woodhouse and Johnson, 1991). These authors also 
found that incorporating a hydrogel into the soil aided the germination of barley, white 
clover and lettuce. Hydrogels can aid in germination, seedling establishment, and water 
availability and root colonization with mycorrihzae and bacteria (Cook and Nelson, 
- 15 -
1986 ; Davies et al., 1987). The use of hydrogel to aid plant performance needs to be 
matched with the overall need for water of a given plant species in relation to the 
existing environmental conditions. The use of hydrogel soil amendments may have the 
largest impact in arid reforestation nurseries, since minor irrigation failures could result 
in massive plant losses (Callaghan et al., 1989). Hydrogel is commonly found in 
horticultural markets where they are sold as water super- absorbers with the capability 
of absorbing 400 to 1500 g of water per dry gram of hydrogel (Bowman and Evans, 
1991). The majority of bacterial responses to hydrogels as reported in the literature have 
been related to oil clean-up and drilling practices. Microorganisms suspended and/or 
held by hydrogel can therefore be used in bioremediation (Degiorgi et al., 2002). 
Acrylamide sodium acrylateco-polymer (cross-linked polyacrylamide membrane: 
PAM) hydrogel is used to hold the bacteria in place so they do not migrate out of the 
target area. The hydrogel can aid in stabilizing bacteria and the removal of heavy metals 
like lead, cadmium, chromium and copper by stimulating uptake of these elements into 
plants (Degiorgi et al., 2002). Hydrogels have been used in field establishment of 
revegetation projects using perennial and annual plants. Also, hydrogels have been used 
to establish tree seedlings and transplants in arid regions of Africa and Australia to 
increase plant survival (Specht and Harvey, 2000). 
1.11 Role of plastic covering 
Plastic cover, the spreading of material around the base of a plant to mitigate 
adverse temperatures or moisture loss, control weeds or enhance soil structure and 
fertility has been an accepted horticultural practice for at least three centuries in Europe 
(Waggoner et al., 1960).There are several commonly reported mechanisms by which 
cover affected field grown herb and vegetable yields. Mulches may increase crop 
growth by reducing weed infestations (Thompson et al., 1977; Teasdal and Mohler 
2000), by reducing water loss or by modifying tempurature extremes. Organic mulches 
however can reduce yields by introduction of weeds (Whitten, 1999). 
- 16-
1.11.1 Effect of plastic cover on soil temperature 
In the course of studying plastic cover effects on soil temperature, Lippert and 
Witing (1964) found that the influence of the type of polyethylene cover on soil 
temperature and crop response was dependent upon fIlm color. Richard (1976) reported 
that the use of plastic cover would affect soil temperatures in four main ways: it would 
reduce connective heat loss, outgoing radiation, evaporation, all of which raise soil 
temperature, but it could also reflect incoming radiation when light in color, thus 
reducing soil temperature. Kamp (1975), Salman and Gorski (1985), Bananno and 
Lamont (1987) and Hassan (1988) showed that soil temperatures were on average 4.9°C 
higher under clear plastic cover. Similarly, Hill et al. (1982) reported that clear and 
black films warmed the soil. The average differences in temperature reported by 
different authors between bare soil at a depth of 10cm were between 6.7 and 3.3 0c. 
1.11.2 Effect of plastic cover on soil moisture 
It has been known that soil moisture not only has a direct positive effects on water 
absorption but also an indirect effect through its stimulating influence on root growth 
and possibly on microbial activity in roots (Kramer, 1969). A great number of reports 
deal with the response of soil moisture to plastic cover. Asano et al. (1981) reported that 
by covering the surface of the medium with polyethylene fIlm the water requirement of 
spring to summer cropped was reduced by 25- 30%. 
1.11.3 Effect of plastic cover on plant growth 
Plant vigor is of a great importance in food production. Early plant growth was 
much faster in plots covered with transparent plastic compared with non covered plots 
(Hopen and Oebker, 1976). The role of plastic cover in the development of roots has 
been demonstrated by Lippert and Witing (1964). They found that more roots developed 
in the upper soil layer in the presence of a plastic cover. The soil was also found to be 
richer in nutrients and contained more microorganisms. The study of Mahajan et al. 
(2007) revealed that plastic cover increased baby com yield by 18.9CJe compared to 
uncovered treatments. Therefore, covering soil with plastics may prove beneficial for 
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crop growth because of the induced complex change in soil environment through 
modifying soil temperature, reduction in water evaporation, weed growth, reduced soil 
compaction and erosion. 
1.11.4 Manipulating soil-plant-pathogen interactions 
Clear polyethylene cover increases soil temperature over several cms of depth. 
This can have a significant impact on the survival of various microbial plant pathogens 
in the soil. 
The effects of covering on soil bacteria are varied. Because few plant pathogenic 
bacteria form spores, covering is expected to control their populations fairly effectively 
(De vay, et al., 1991). Antagonistic bacteria and bacteria that lyse fungal mycelia often 
were found in greater numbers following covering (Greenberger et al., 1987; Garnliel 
and Katan, 1991). Populations of actinomycetes have been reported to remain 
unchanged after soil covering (Stapleton and De vay, 1984). The covering of soil with a 
polyethylene sheet may allow them to rapidly colonize the rhizosphere soil and out-
compete deleterious and pathogenic microorganisms (Chen et al., 1991). 
Many soil borne fungi are sensitive to heat especially pathogenic fungi (Pullman 
et al., 1981 and Chen et al., 1991). There are many reports that claim that covering of 
soil effectively controls soil borne pathogenic fungi including Dematophora necatrix 
(Lopez-Herrera et al., 1998), Fusarium spp., (Greenberger et al., 1987), Phytophthora 
spp. (Coelho et al., 1999); Pythium spp. (Pullman et al., 1981), Rhizoctonia solani 
(Pullman et al., 1981) and Verticillium dahliae (Pullman et al., 1981). 
1.12 Phytoremediation of petroleum hydrocarbon 
Phytoremediation has been defmed as the use of green plants and their associated 
microorganisms to degrade, contain or renders harmless environmental contaminants 
(Cunningham et al., 1996). This technique is emerging as a potentially cost-effective 
option for clean-up of soil contaminated with petroleum hydrocarbons (Frick et al., 
1999). 
- 18 -
Research on remediation of petroleum hydrocarbons has included the use of 
different plant species for phytoremediation. Root exudates can aid in degradation of 
toxic organic chemicals and act as substrates for soil microorganisms (Palmroth et al., 
2002). Microbial popUlations in the rhizosphere may be greater than in non-vegetated 
soil. Physicochemical and biological treatments involving microorganism are effective 
for the remediation of petroleum hydrocarbon contaminated soils (Chaineau et al., 
2000). Phytoremediation may not be an option at sites with high concentrations of 
petroleum hydrocarbons due to the phytotoxic effects of hydrocarbons on the plants. 
Some sites may be nutrient limited or limited in water availability. 
1.12.1 Mechanisms of phytoremediation 
Phytoremediation of petroleum hydrocarbons generally involves three major 
mechanisms: (1) degradation of pollutants (2) containment of the pollutant and (3) the 
transfer of contaminants from soil to the atmosphere (Cunningham et al., 1996 and 
Frick et ai., 1999). Degradation can be accomplished by both plants and their associated 
microbes. Plants can stimulate the growth and metabolism of soil microorganisms by 
providing root exudates containing carbon, enzymes, nutrients and oxygen which can 
result in more than a 100 fold increase in microbial counts (Macek et ai., 2000). 
Containment involves the accumulation of contaminants within the plants, adsorption of 
contaminants into roots and binding in the rhizosphere through enzymatic activities 
(Cunningham et ai., 1996 and Frick et ai., 1999). Plants can also transport volatile 
petroleum hydrocarbons directly to the atmosphere through leaves and stems (Ferro et 
ai., 1997). 
Remediation of petroleum hydrocarbons may occur through rhizodegradation, or 
petroleum hydrocarbon accumulation on plant roots (Phytostabilization), plant uptake 
(phytoextraction) or transpiration of petroleum hydrocarbons (Phytovolatization) as 
reported by Martin (2003). Wiltse et ai., (1998) concluded that planting vegetation may 
be a feasible approach for cleaning oil-polluted sites, including the polluted Kuwait 
desert areas. 
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1.12.2 Plant - assisted hydrocarbon degradation 
Various studies have shown that petroleum hydrocarbon degradation can occur 
through phytoremediation. The influence of the maize rhizosphere on fuel oil 
degradation was evaluated in laboratory soil experiments and in hydroponic cultures by 
Chaineau et ai., (2000). The maize plants were grown in soil with fuel oil (3300 mg 
petroleum hydrocarbon per kg soil) for 120 days. In fertilized soiL the presence of 
maize increased the biodegradation of petroleum by more than 20ge compared to the 
non-vegetated soils. 
Phytoremediation test plots were used to characterize the variability in the 
degradation at a crude oil spill site in an agricultural field in Texas (Nedunuri et aI., 
2000). A phytoremediation grid was established two months after the spill occurred. 
The plants used for phytoremediation were sorghum, rye grass, and St. Augustine grass. 
The total petroleum hydrocarbon (TPH) concentration decreased by 42 % for rye grass 
and 50% for St. Augustine grass after 21 months and had 25% greater reduction in mean 
of TPH concentrations than did sorghum and the non-vegetated control plot. 
Scots pine, poplar, grass mixture and legume mixtures were evaluated for their 
ability to contribute to diesel fuel removal in the laboratory (Palmoroth et ai., 2002) For 
the legume treatment, between 96% and 99% of the diesel fuel was removed and 
amended (N.P.K. fertilizer, compost extract and microbial enrichment culture) soils 
significantly increased diesel fuel removal after 30 days only. Diesel fuel removal in 
soil was accelerated by the presence of scots pine, poplar, a grass mixture, and a legume 
mixture but not by soil organic amendment. The most effective method for removing 
diesel fuel was with the legume treatment. In addition, the total hydrocarbons in a 
diesel-contaminated soil decreased faster in the presence of roots and nutrients 
compared to that in non-vegetated or non-fertilized soil. (Reinolds et al., 1999; Yateem 
et al., 2000). 
1.13 Phytotoxicity of hydrocarbons 
Hydrocarbons can be phytotoxic. A significant reduction in plant VIgor, 
productivity and overall growth resulted from transplanting alfalfa genotypes into 
contaminated soil (20g crude oil per kg soil) as reported by Wiltse et al. (1998). In a 
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phytotoxicity study of the most resistant plants, e.g., sunflower, wheat, and bean, it was 
found that sunflower was the most resistant to oil contamination followed by bean. 
wheat, clover, maize, barley and lettuce (Chaineau et al., 1997). The LC50 values for 
maize were 2.4% for total fuel oil, 0.3% for the light fraction and 60t for the heavy oil 
fraction. Phytotoxicity was highest for low molecular weight and aromatic 
hydrocarbons and varied greatly with petroleum concentration (Chaineau et al., 1997). 
Yield reduction due to hydrocarbon contamination varied with plant type: biomass 
production in contaminated soil (contaminated with 0.5% commercial diesel fuel) was 
57% less for grasses and 36% less for legumes compared to the biomass produced in the 
vegetated non-contaminated control treatments (Palmroth et al., 2002). In crude oil 
contaminated soil (20 g crude oil/kg soil), total forage alfalfa yield and root weight 
were 32% and 47% of the value for plants of the control respectively (Wiltse et al., 
1998). For wheat and bean, the reduction in dry biomass of aerial parts was greater than 
80% when grown in petroleum contaminated soil, and growth inhibition increased with 
increasing hydrocarbon concentration (Chaineau et al., 1997). 
Hydrocarbon contamination suppresses the germination rates of seeds of some 
types of plants, while others are not affected. Seeds of Scots pine, poplar, a grass 
mixture, and a legume mixture germinated at similar rates in diesel-contaminated as in 
the control pots, indicating the diesel had no effect on germination. In contrast, seed 
germination of sunflower, maize, wheat, barley, bean, lettuce and clover decreased in 
the presence of fuel oil hydrocarbons (Chaineau et al., 1997). 
1.14 Use of Trichoderma harzianum (T22) to degrade organic 
hydrocarbons 
Work in the UK has shown that Trichoderma spp can successfully associate with 
the roots of a range of plants and trees and promote growth (Lynch et ai, 1991, Ousley 
et ai, 1993, 1994; Adams et aI, 2007a). Similarly in the USA (Harman 1996; Harman et 
al 2004 a), it has been shown that Trichoderma (strain T22) can be used as a successful 
rhizosphere plant symbiont. The capacity to alleviate soil and water pollution with such 
rhizosphere associations has been termed phytobial remediation by Harman and Lynch 
(Harman et al., 2004 b). 
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Trichoderma harzianum (T22) was shown to break down anthracene completely 
to carbon dioxide using C 14 labeled anthracene. The fungus also physically adsorbed 
>80% of added anthracene (Ermisch et al., 1990). Within the genus Trichodenna there 
are reports that Trichoderma spp. are involved in hydrocarbon degradation. For 
example, Saraswathy and Halberg (2002) isolated five species of fungi from a former 
gasworks site that were capable of degrading the P AH pyrene. They found that 
T.harzianum degraded 65% and 33.7% of 50 mg and 100 mg/l , respectively, of pyrene 
during 28 days incubation. Also, species of Trichoderma tolerant to pyrene and 
phenanthrene have been isolated from contaminated estuarine sediments (da Silva et al., 
2003). Despite potential involvement of Trichodenna har~ianum (T22) in hydrocarbon 
degradation, the fungus has more potential in stimulating phytoremediation indirectly 
by stimulating plant growth and root formation and therefore, inoculation of plants with 
this fungus could be a feasible approach to enhance the degradation of hydrocarbons in 
polluted soil. T.harzianum (T22) can solubalize metallic ions and produce siderophores 
to chelate iron, making metal ions required for plant growth more available to the plant 
(Harman et al., 2004 and Adam et af., 2005). The fungus is thought to colonize roots of 
annual plants for their entire lifetime, by penetrating the outer layers of the roots 
(Harman et al., 2004). This may make the plants release more root exudates to the 
surrounding soil, thus stimulating microbial degradation of pollutants. T. ha r::.i an um 
(T22) is able to metabolize plant root exudates and in return enhances plant root growth. 
Enhanced root growth will lead to enhanced phytoremeditaion of pollutants in the 
rhizosphere. Also, T22 has been proven to produce larger and deeper rooting plants and 
also produces greater plant biomass. Such plants are more resistant to abiotic stress and 
take up nutrients more effectively (Harman et al., 2004). This would be especially 
useful in situations that are arid, such as the desert regions of Saudi Arabia. 
1.15 Main Aims of this study 
The aim of this thesis is to develop a remediation strategy for arid 
soil (hot and dry soil, where the soil is low moisture content, low microbial activity and 
very poor organic content) contaminated with petroleum crude oil. The strategy was 
developed using tolerant plants enhanced by Trichoderma har~ianum (T22) as well as 
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managIng soil conditions in a way that allows retention of moisture under arid 
conditions. 
Therefore to attain valuable results, the following studies will be carried out: 
1. Development of a plant based system that encourages microbes associated with 
the rhizosphere to degrade hydrocarbons. 
2. Encourage plant growth in soil polluted with crude oil by inoculation with the 
known plant growth promoting organism Trichodenna har:ianum, strain T22. 
3. Encourage degradation of hydrocarbon degraders in soil polluted with crude oil 
by optimising water content, mineral nutrients and temperature. 
4. Development of methods that allow optimal conditions for hydrocarbon 
degradation, especially moisture, to be maintained. 
5. Apply the best system developed in the previous studies in field plots. 
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~at:erials a.-.d ~et:hods 
2.1 Soil 
For the greenhouse and laboratory experiments an uncontaminated sandy soil was 
taken from the East of Jeddah City, (Saudi Arabia). The experimental soil was chosen 
from an area with no oil contamination. The soil was dried and sieved to ~ 2mm particle 
size. The depth of the sampling was from the top 20 to 25 cm of the soil profile. The 
soil was analyzed for main physical and chemical properties according to USDA (2004) 
in evaluation and remediation of soil and plants pollution unit N.R.C. Cairo Egypt. 
(Table, 1). 
Table 1: Some physicochemical characteristics of the used soil prior to remediation 
and cultivation. The soil represents the upper 25cm layer of a soil taken from the 
eastern part of Jeddah City, Saudi Arabia. 
Parameters 
Particle size distribution % 
Sand 
Silt 
Clay 
Texture 
Saturation content (% wb)* 
pH (1 :2.5)** 
EC.dS m-l (1:5)*** 
Calcium carbonate % 
Organic matter % 
Soluble cations (ppm) 
Na+ 
K+ 
Ca++ 
Mg++ 
Soluble anions (ppm) 
Calcium (Ca=) 
Bicarbonate (HC03-) 
Chloride (Crl) 
Sulphate (S04=) 
N:P:K (ppm) 
Total Nitrogen (N) 
A vailable phosphorus (P) 
Total potassium (K) 
* 
** 
*** 
= 
= 
= 
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Values 
78.32% 
12.23% 
00.45% 
Sandy loam 
20.00 
7.80 
00.12 
00.53 
00.21 
98.70 
5.82 
20.00 
3.60 
00.00 
77.77 
13.49 
46.08 
82.40 
03.40 
75.00 
WeIght base 
is the ratio of soil to water 
decisemens per meter 
Table 1 shows that the soil consisted mostly of sand (78.329c) with very low 
percentages of silt and clay (12.23 and 0.45%, respectively). The hydrogen ion 
concentration tended to be slightly alkaline (pH-7.80) and the soil was slightly salty (EC 
0.12 ds m-I). As was to be expected for a Saudi Arabian sandy soil, the nutrient content 
was low; nitrogen 82.4 mg. kg-I soil, available phosphorous 3.4 mg. ktl soil and for 
potassium 75mg. kg-I soil. The organic matter content was also very low (0.21 O/C. 
(w/w)). 
For experimental purposes the soil was fertilized with ammonium nitrate (33.5SL 
nitrogen), calcium superphosphate (15.5% P20S) and potassium sulphate (48-527( K) at 
rates of 0.3, 0.2 and 0.1 g/kg soil respectively. These nutrients are readily assimilated by 
plants and microorganisms (Dibble and Bartha, 1979 ; Harris and Arnold, 1995). They 
also have been previously shown to enhance the bioremediation of petroleum 
hydrocarbons in soil (Odokuma and Dickson, 2003). 
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2.2 Crude petroleum oil 
Crude petroleum oil was supplied and analyzed by the laboratory of the Saudi 
American Company ( Aramco), Jeddah City Refinery, Saudi Arabia. The Arabian light 
crude oil was analyzed for major physical and chemical properties (Table, 2). 
Table 2: Major physical and chemical properties of petroleum crude oil taken 
from Saudi Aramco Jeddah refinery, Saudi Arabia. 
Properties and compounds Values 
G ravityO API 33.20 
Sediment, vol % 0.05 
Water, vol% Traces 
Viscosity @ 70°F 61.90 
Sulfur, total weight % 1.82 
Hydrogen Sulphide, ppm Nil 
Ash, ppm 85.00 
Vanadium, ppm 17.00 
Nicke~ ppm 5.00 
Nitrogen, ppm 803.00 
-
--
----
Hydrocaroons Weight % 
Methane 0.00 
Ethane 0.00 
Propane 0.31 
I - Butane 0.17 
n - Butane 0.97 
1- Pentane 0.66 
n - Pentane 1.35 
CycIopentane 0.07 
2,2 Dimethylbutane 0.01 
2,3 Dimethylbutane 0.07 
2 Methyl pentane 0.56 
3 Methyl pentane 0.40 
n- Hexane 1.38 
MethyIcycIopentane 0.22 
Benzene 0.11 
CycIohexane 0.16 
Heptanes 93.56 
Total 100% 
The oil had an API (American Petroleum Institute) gravity of 33.20, sulfur content 
of 1.82% (w/w) and a nitrogen content of 803 ppm. Heptanes represented the greatest 
percentage of the hydrocarbons (93.56%) followed by n-Hexane (Table 2). 
2.3 Plants 
Zea mays I. (Giza 6, Egypt) was selected in this study because of its efficiency in 
phytoremediation and also its extensive root system. During experiments conducted, it 
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showed to have a positive effect on the bioremediation of hydrocarbons in soil 
(Ayotamuno and Kogbara,2007). Seeds were obtained from the Ministry of Agriculture. 
Jeddah, Saudi Arabia during the preceding season and kept until used. Ten to fifteen 
seeds were sown in 30 em diameter plastic pots. The pots were kept in a greenhouse 
under controlled conditions at 30±2°C. Once germinated, the seedlings were irrigated 
three times a week (60% WHC). For all experiments involving plants, the plants were 
allowed to grow for a period of 6-10 weeks before they were harvested. During the 
course of each experiment the germination percentage, plant height, dry weight of 
shoots and roots for each plant were measured after the plants were harvested. 
2.4 Trichoderma harzianum (T22) 
T.harzianum colonized roots is known to enable plants to take up nutrients more 
effectively and make them more resistant to abiotic stress (Harman et at., 2004). T22 
was obtained from Plant Works (USA) and was formulated as a clay-based powder with 
at least 107 cfu g-l inoculum. 
2.5 Laboratory experiments 
2.5.1 Role of Trichoderma harzianum (T22) in bioremediation of 
petroleum crude oil 
Soil was polluted with petroleum crude oil at a rate of 200g crude oil /800g soil in 
combination with fertilizers applied as ammonium nitrate (33.5% nitrogen), 
superphosphate (15.5% P20S) and potassium sulphate (48-52% K) at a rate of I, 0.65 
and 0.35 glkg soil respectively (Dibble and Bartha, 1 979; Harris and Arnold,1995). The 
thus treated soil was left for 2 weeks to allow evaporation of volatile hydrocarbons 
before being used. For treatments involving Trichoderma, soil was inoculated with a 
spore suspension at a rate of 1 g formulated spores! kg soil by watering the soil with the 
spore suspension at the start of the experiment. The experimental treatments were as 
follows: 
1- Untreated soil (Control) 
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2- Soil polluted with petroleum crude oil 
3- Soil inoculated with T.har;.ianum (T22) 
4- Polluted soil inoculated with (T22) 
To determine degradation of hydrocarbons, 300 g of soil from each treatment was 
put in a sterile flask (500ml) and the soil was moistened to 60% of its water holdina 
e 
capacity and incubated at 30°C±2 for 4 weeks. Flasks were weighed daily and water 
was added to maintain the required moisture level. Four replicates were used for each 
treatment. Each flask was sampled weekly for microbial analysis (total bacterial count 
and specific hydrocarbon degraders expressed as cfu/g soil as mentioned after). CO2 
evolution was estimated according to Rowell (1994) and degradation of petroleum 
hydrocarbons was estimated by GCIMS (Sadler and Connell, 2003). 
CO2 evolution 
The CO2 produced by respiration in moist soil was trapped by absorption in 
NaOH solution according to Rowell (1994). The amount of NaOH remaining after a 
known time period is determined by titration with 0.1 M HCl. Fifty grams (±O.l) of the 
moist soil was placed in a 5 liter vessel. In each vessel a vial containing 10ml of 0.3M 
NaOH solution was placed and the vessel was closed air tight to trap any evolving CO2. 
The control was set up in the same way using 50g sand instead of experimental treated 
soil. The soil was incubated for one week at 30±2°C. Moisture content was determined 
to allow respiration to be expressed per gram dry weight soil. After incubation, each vial 
was taken and the NaOH solution was transferred to a 250ml conical flask by rinsing 
the vial with 10 ml distilled water subsequently, 10ml barium chloride (BaCh) was used 
to precipitate the carbonate, 
Na2C03 + BaCh = BaC03 + 2NaCl. To this solution, phenolphthalein solution (6 
drops) was added and the solution was titrated with 0.1 M HCI until the colour changed 
from red to colourless. The volume of HCI used was recorded and the amount of CO2 
adsorbed determined using the following calculations: 2 mol NaOH react with 1 mol 
C02, the molar mass of C02 is 44 g-mor l , therefore, the amount of C02 which has 
reacted with NaOH in the flasks is NaOH reacted with C02 (mol) x44 g-mor l = amount 
of C02 per 50g moist soil per week. 
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Soil moisture content determination 
The water content of the moist soil of different treatments was determined using 
the following method: into duplicate 100 ml beakers about 109 of moist soil was 
placed. The mass of the beaker and the mass of soil were determined. The soil were 
dried overnight at 10SoC, reweighed and the water content calculated. Heating to 
10SoC±1 does not affect hydrocarbon loss in soil as the ones that remain after 2 weeks 
incubation have all high boiling points. 
GC analysis: Gas Chromatography -mass spectrometry [GCIMS] 
The procedure used in this study was similar to that reported by Sadler and 
Connell (2003) to determine the total petroleum hydrocarbons in soil. 
Extraction was as follows: 
Two g of soil was mixed with 20ml CH2Cb (ethylene chloride), followed by 
shaking for IS minutes using an electric shaker. Filtration and evaporation of the 
ethylene chloride was done under reduced pressure. The residue was dissolved in 
diethylether (2ml) and filtered using a 0.22/-11 syringe filter to remove any particulate 
matter. 
Analysis: 
The GC used was a Shimadzu GC 17 A, QP-SOOO. Detailed GC parameters are as 
follows: 
GC Shimadzu, 17 A, QP SOOO 
Column Type 0.30rnxO.2SmmID,0.2Smicron 
Oven Temp. 32°C (2min) to 280°C at, 6°C/min 
Run Time 31.40 min 
Detector Mass spectrophotometer 
Detector Temp. 230°C 
Injection Temp. 200°C 
Injection Size 0.2/-11 
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Hydrocarbons were analysed at temperatures of 20, 30, 100, ISO, 200, 2S0, 280°C, 
against time 1, 2, 2, 2, 2, 2,10 minutes, respectively. The method of the analysis adopted 
from (Bennett et ai., 2007). 
2.6 Greenhouse experiments 
2.6.1 Effect of petroleum crude oil contamination on maize growth and 
soil microorganisms 
A pot experiment was conducted using 30 cm diameter pots seeded with Zea 
mays (Giza 6, Egypt). The sandy soil was contaminated with petroleum crude oil at a 
concentration of 7Sg/kg soil and left for 14 days before sowing. After sowing, N.P.K 
fertilizers was added at a rate of 109 per pot containing Skg of soil. In each pot. 10 seeds 
were sown and pots were placed in a thermostatically controlled greenhouse at 30±2°C 
for 8 weeks. 
During the course of the experiment the percentage germination and plant heights 
were determined at two weekly intervals. Shoot and root dry weights were measured 
every two weeks. Also soil samples were taken from the different treatments at the same 
time for microbiological analysis (total bacterial count and specific petroleum 
hydrocarbon degraders). After 4 and 8 weeks from sowing, soil samples were taken for 
petroleum hydrocarbon analysis based on peak area by GC/MS as mentioned before. 
The following treatments were used: 
1- Unpolluted soil (general control) 
2- Polluted soil with crude oil (7Sglkg soil) 
3- Unpolluted soil sown with maize seeds 
4- Polluted soil with crude oil sown with maize seeds 
Soil moisture was maintained at constant level of 60% of the water holding 
capacity (WHC) for the whole plant growth period. Four replicates were used for each 
treatment. 
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Microbiological analysis 
The method adopted by Louw and Web ely (1959) for studying the 
microorganisms of the soil and rhizosphere region was used. The plants were up-rooted 
with great care to obtain most of the root-system. The root system was then shaken 
gently to get rid of most of the adhering soil. The root system with remaining adhering 
soil particles was transferred to a wide-mouth reagent bottle of known weight 
containing 99 ml sterilized distilled water. The flasks were then shaken at 180 rpm 
using a mechanical shaker for 15 minutes and serial dilutions from 10-2 and 10-7 were 
made up using test tubes containing 9 ml sterile water as diluents. The root system was 
discarded and the water in the flask was evaporated at 105°C for 24 hrs to determine the 
actual weight of soil. The plate count technique according to Allen (1961) was used to 
determine total counts of bacteria on soil extract agar medium (Mahmoud et aI .. 1964) 
and most probable number (MPN) procedure for estimating total hydrocarbon 
degrading bacteria was used (Wrenn and Venosa, 1996). 
MPN methods 
Total hydrocarbon degraders were enumerated in 96 well microtiter plates. 
Petroleum crude oil was the selective substrate for determination of total hydrocarbon 
degraders (Haines et aI., 1996). Petroleum crude oil (Sill/well) was added to the 
hydrocarbon degrader plates after the wells were fIlled with carbon free growth medium 
before they were inoculated. Bushnell-Hass medium (Difco products, Detroit 
Michigan) supplemented with 2% NaCl was used as the growth medium for 
hydrocarbon-degrader MPN procedures (180 Ill/well). 
Samples were diluted in a saline buffer solution that contained 0.1 % (w/v) 
sodium pyrophosphate (pH 7.5) and 2% NaCI (w/v). Ten fold serial dilutions were 
performed and plates were inoculated by adding 20111 of each dilution to 1 of the 12 
rows of eight wells. The last dilution (10- 10) was inoculated into row 11, the 10-9 
dilution was inoculated into row 10, and so on. The first row of each plate was 
inoculated with 20111 of undiluted sample, and row 12 remained uninoculated to serve as 
a negative control. 
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The MPN plates for hydrocarbon degraders were incubated for 2 weeks at 
27±2°C. Iodonitrototn-zolium violet (INT) was used to identify hydrocarbon 
degradation (Haines et al., 1996). After 2 weeks of incubation, 50111 of filter sterilized 
INT (3 gIL) was added to each well. In positive wells, INT is reduced to an insoluble 
formasan that deposits intracellularly as a red precipitate. Positive wells were scored 
after overnight incubation at 27±2°C with INT. A computer program using Microsoft 
Excel® (Microsoft) and solver (Frontline Systems) tool according to Briones and 
Reichard (1999) was used to calculate the MPN for the hydrocarbon degraders in each 
sample. 
Encouraging plant growth in polluted soil with petroleum crude Oil 
using Trichoderma hanianum (T22) 
A greenhouse experiment using petroleum crude oil at a concentration of 75glkg 
soil was conducted to assess the contribution of plants and T.harzianum strain (T22) in 
bioremediation of petroleum crude oil. 
The same plants (maize) and conditions as described in the previous experiment 
were used. In this experiment, maize seeds were inoculated with T22 before planting by 
coating wetted seeds with formulated inoculum (Harman et al. (2004). 
For each of the treatments below, a vegetated and non-vegetated treatment was 
created. 
1- Soil without treatment (general control) 
2- Soil + crude oil 
3- Soil + T.harzianum (T22) 
4- Soil + crude oil+ T22 
The experiment consisted therefore of eight treatments each with four replicates. 
Soil moisture was maintained at a constant level of 60% of soil water holding 
capacity for the whole growth period of the plants (8 weeks). The percentage 
germination, plant height and shoot and dry root weights were measured at 2 week 
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intervals, while soil samples were taken from the soil for microbiological and GC 
analysis every month as described in the previous experiment. 
The role of hydrogel and covering systems on enhancing 
biodegradation of petroleum crude oil of polluted soil 
A pot experiment was set up to evaluate the effect of hydrogel combined with 
covering the soil with transparent polyethylene sheeting on the bioremediation of 
petroleum crude oil. 
The soil was contaminated with petroleum crude oil at a rate of 75g/kg soil. 
Portions of polluted and non-polluted soil were treated with hydrogel at a rate of 2g 
hydrogel/kg soil. The soil was then placed into 30cm diameter pots (5kg soil/pot). The 
above mentioned treatments were covered with transparent polyethylene sheets (50 
microns thickness). Water was added at the beginning of the experiment and water 
content was maintained at 60% of soil WHC (600 ml water/pot). The control treatment 
had no hydrogel or cover. Therefore, the experiment had the following treatments: 
1) Soil without any treatment (control) 
2) Soil amended with petroleum oil at 75g oil/kg soil 
3) Soil treated with hydrogel at 2g /kg soil 
4) Soil covered with polyethylene (50 microns) 
5) Soil amended with petroleum oil (75 g oil/kg soil) and hydrogel 
(2 g / kg soil) 
6) Soil amended with petroleum oil (75 g oil/kg soil) and covered 
with polyethylene 
7) Non polluted soil, hydrogel (2g /kg soil) and covered with 
polyethylene 
8) Soil amended with petroleum oil (75 g oil/kg soil), hydrogel (2g /kg 
soil) and covered with polyethylene 
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Four replicates were used for each treatment and the experiment was set up as a 
complete randomized design according to replicate. All measurements were taken 
throughout a period of 8 weeks as per the following: pots were weighed on daily basis 
to determine soil water loss; C02 evolution was determined on weekly basis for eash 
soil sample and the petroleum hydrocarbons analysis using GCIMS were carried out on 
monthly bases (at the 4th week and the 8th weeks) using the methods described before. 
Field experiment 
A field experiment was carried out at the Faculty of Science Farm, King Abdel-
Aziz University, Jeddah, Saudi Arabia during 2007. Three replicates for each treatment 
were established using a split plot design (each plot was 4 m2). Maize seeds (Zea ma,vs 
L. cv. Giza 6) were sown on May, 1 st in rows 30 cm apart. Calcium super-phosphate 
(16.5% P20S) and potassium sulphate (48% K20) at a rate of 480 and 120 Kglhectare 
respectively, were added before planting. Nitrogen fertilizer, in the form of ammonium 
nitrate (33.5% N) was added at a rate equivalent of 720 kglha, in two equal portions, 
applied before the first and the second irrigation respectively. 
Study area description 
The soil used for the field experiment was a sandy soil and the original vegetation 
cover consisted of the normal flora of the region. The area used for the experiment was 
divided into two blocks and each block was divided into 3 rows (each row represents 
one replicate, each with a length of 1m, a width of 30cm and a depth of 30cm). 
Treatments were as follows: 
The experiment was divided into two equal groups (main factor). The first group 
was amended with petroleum crude oil at a rate of 75g/kg soil. The second group was 
not amended. After amendment, the plots were left undisturbed for three days. After 10 
days the plots were treated as follows: 
1 - Sown with maize seeds 
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2- Sown with maize seeds + T22 (T22 applied as a seed dressing at a 
rate of 19 inoculum/kg maize seed using lo/c CMC (carboxyl methyl 
cellulose) as sticker 
3 - Sown with maize seeds inoculated with T22 + soil amended with 
hydrogel (2 g/kg) and plots covered with white reflective polyethylene 
The amount of irrigation water for each replicate was estimated as follow: 
3 liters were used for the treatment with hydrogel and cover, and 6 liters for the 
other treatments. All plants were irrigated twice a week. 
The rate of sowing used was 25 kg of maize seeds/ha (approximately 60 
seeds/plot) (recommended sowing rate by the Ministry of Agriculture, Jeddah, Saudi 
Arabia). 
Sample collection 
The percentage germination, plant height and dry weights of shoots 
and roots were measured at 2, 4, 6 and 8 weeks after sowing. Tap water was used to 
wet the soil before samples were taken. The wet soil was then loosened with a spatula. 
Three plants were chosen at random from each replicate for analysis. Plants were 
carefully pulled from the soil without breaking the roots. Rhizosphere soil samples were 
collected in separate plastic bags and 109 of rhizosphere soil was taken for 
microbiological analysis from each plot (total bacterial count and specific hydrocarbon 
degraders). CO2 evolution and hydrocarbon analysis were determined using GCIMS 
using the methods described before. 
Statistical analysis 
Data obtained for the different experiments were subjected to analysis 
of variance (ANOVA) according to method described by Snedecor and Cochran (1982) 
using the Mastatic Programme. If data were not normally distributed they were 
normalized using log transformation before ANOVA was carried out. Least significant 
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differences were used to compare treatment means according to Walter and Duncan 
(1969) at a probability 5%. 
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Selection of plants tolerant to crude oil 
3.1 Introduction 
Petroleum crude oil is a complex mixture of thousands of hydrocarbons and non-
hydrocarbon compounds, including heavy metals. Although, the toxicity of each 
individual component is known (Baek et al., 2004), the toxicity of complex mixtures 
such as those present in petroleum crude oil and refined oil products is extremely 
difficult to assess (Overton et al., 1994), because little is known about the additive, 
synergistic or antagonistic effects of the various compounds within mixtures. In 
addition, the chemical composition of each crude oil or petroleum product varies 
significantly and can adversely affect different organisms within the same ecosystem 
(Overton et al., 1994). These differences in toxic effects are due to compositional 
differences in various products, as well as concentration differences of the chemical 
constituents (Albert, 1995). Bioassays such as measurements of seed germination and 
early seedling growth have been used to monitor treatment effects and monitor 
restoration of oil contaminated sites (Sayles et al., 1999). Baek et al. (2004) tested the 
phytotoxic effects of petroleum crude oil and oil components on seed germination and 
growth of red beans and corn. They found that crude oil-contaminated soil at a 
contamination level of 10,000 mg oil/kg soil was phytotoxic. According to results of 
germination tests carried out by Dibble and Bartha (1979), germination of wheat and 
soybean in kerosene-contaminated soil (0.34% w/w) was delayed, while Wiltse et al. 
(1998) found that alfalfa seeds germinated in soil contaminated with up to 50 g crude oil 
per kg soil. Udo and Faymi (1975) determined that at levels of 10.6% (w/w) crude oil, 
maize did not germinate. Germination and growth of five plant species in a plant growth 
medium supplemented with a hydrocarbon mixture of three polycyclic aromatic 
hydrocarbons and crude oil were studied by Cuevas et al. (2008). They found that 
germination for assayed concentration however, the length of the stems and roots 
decreased when hydrocarbons increased and the survival of the four species also 
diminished. Except, for F. arundinacea, a direct link between hydrocarbon and plant 
survival was observed. Chouychai et al. (2007) tested four plants (corn, ground nut, 
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cowpea and mungbean) for their ability to germinate and grow in soil contaminated with 
phenanthrene or pyrene. They found that the growth of com was the least sensitive to 
crude oil. However, its germination rate was less in the presence of contaminants, hence 
they concluded that the corn is the most suitable plant to be grown in PAH-
contaminated acidic soil. 
The effect on microorganisms and plants depends on the concentration and the type of 
oil (Boethling and Alexander, 1979). Light crude oils have volatile components that can 
be toxic to living organisms of the soil (Shahriari et ai., 2007). The effect of crude oil 
and its components on germination and growth of some plants has been studied by 
Adam and Duncan (2002), Amakiri and Onofeghara (1984) and Shahriari et al. (2007). 
They demonstrated that petroleum hydrocarbon additions to the soil at concentrations of 
10.6% (w/w) impeded germination of maize plants and reduced maize yield by 95%. 
This poor yield response was attributed to the exclusion of air from the soil due to the 
oil interfering with soil/water relationships, and also to the depletion of oxygen by 
microbial degradation of the contaminants. Results obtained by Egharevba (2001) 
revealed that oil treatment of soil at high concentrations of 3.04 % and 4.56% adversely 
affected the growth of two forest fruit tree seedlings in terms of plant height, collar 
girth, leaf area, leaf number and dry weight. 
Also, diesel oil applied at 2.4, 4.8 and 4.8 mllkg of soil was found to have a 
negative effect on the growth and development of oat (Wyszkowska et al., 2002). On 
the other hand, the results of Ayotamuno and Kogbara (2007) revealed that maize can 
survive in soil contaminated with 21 % oil by volume (similar to 177000 mg/kg) and still 
produce 60% of the fresh crop yield compared to the yield in non-contaminated soil. 
Sharifi et al., (2007) found a significant reduction on germination, above ground 
height and biomass for six herbaceous plant species (one species of Fabaceace, four 
species of Gramineae and one species of linaceae) cultivated in contaminated soil 
containing 25,50,75,1 OOg oillkg soil. Properties of oil determine its environmental 
behavior and effect, and thus it is important for clean-up operators to select proper 
cleanup strategies. The physical-chemical properties of crude oil and its products 
include specific gravity, sulfur and water contents, solubility in water, viscosity, surface 
tension, adhesion, chemical dispensability, evaporation rate, etc. according to method 
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used by Aramco Refinary Company, Saudi Arabia. These properties vary in oils from 
different origins (Xu, 200 I). 
This experiment aims to investigate the tolerance of a range of plants that could 
potentially be grown in arid soils, for their ability to tolerate crude oil. 
3.2 Materials and methods 
3.2.1 Effect of crude oil on seed germination 
Seed germination of alfalfa, acacia, sunflower, maize and wheat, in the presence 
of petroleum crude oil was estimated to examine whether, these test plants were tolerant 
to petroleum crude oil. In this experiment 0, 200, 400, 600, 800, 1000, 1200, 1400, 
1600, 1800 and 2000 ppm of crude oil was mixed with 10 seeds in a Petri-dish 
containing 2 ml water with two drops of Tween 80 and left to dry. Ten seeds were 
subsequently arranged on wet filter paper placed in a Petri-dish. Four replicates were 
used for each treatment. Every other day, 2 ml water was applied to the seeds to prevent 
them drying out. The control had only distilled water. Seeds were incubated at 30DC and 
the maximum percentage germination over a 20 days incubation period was recorded. 
3.2.2 Effect of petroleum crude oil on plants grown in contaminated 
desert soil 
3.2.2.1 Experimental design 
A pot experiment was conducted using five different plant species, namely; 
Alfalfa egyptiaca, Acacia baileyane, Annuus sp. (Sunflower Dwarf-Holland), Zea mays 
(geza 6-Egypt) and Triticum aestium (Wheat Westbred-USA). The sandy soil described 
previously, was contaminated with the following crude oil concentrations: 0 (control), 
10,000 , 30,000 , 50,000 , 75,000 , 100,000 and 150,000 ppm. Contaminated soil was 
left for 10 days to allow evaporation of the most volatile components, before planting. 
Four replicates were set up for each treatment. The soil was then placed into 20cm 
diameter pots. In each pot 10 seeds were planted. Seeds were cleaned with water 
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before planting. The soil was fertilized immediately after sowmg with the three 
macronutrients (N.P.K) at a rate of 5 grams per pot. The pots were irrigated throughout 
the experimental period by applying every other day 300ml of water to each pot (about 
60% WHC). The pots were kept in a thermostatically controlled greenhouse (30±2°C) 
throughout the 7 -weeks period of the experiment. At the end of the experiment the 
average number of plants that had germinated (no./pot), plant height (cm/plant), number 
ofleaves (no./plant), size of leaf (cm2/leaf) and dry weights of shoots and roots 
(glplant) were measured. 
3.3Results 
3.3.1 Effect of crude oil on seed germination 
Table 3: Average percentage of seed germination of maize, sunflower, wheat, 
acacia and alfalfa seeds placed on wet filter paper amended with different amounts 
of crude petroleum oil. Seeds were incubated for 20 days at 30°C±2. For each 
treatment four Petri-dishes each containing 10 seeds were used (n=4). 
Plant 
Type 
Amount of crude petroleum oil (ppm'10seeds) Meas 
of 
Plant 0.0 200 400 600 
Maize 100.00 100.00 96.70 96.70 
Sunflower 100.00 100.00 100.00 100.00 
Wheat 
Acacia 
Alfalfa 
Means of 
conc. 
100.00 96.70 
85.80 83.30 
100.00 96.70 
97.17 95.34 
LSD at 5% for plant type 
LSD at 5% for concentration 
LSD at 5% for interaction 
80.00 40.00 
67.50 6830 
96.70 90.00 
87.51 79.00 
0.98 
1.45 
3.24 
800 1000 1200 1400 1600 1800 2000 
9330 90.00 73.30 70.80 85.00 6330 56.70 84.16 
95.00 95.80 96.70 96.70 90.00 90.00 81.60 95.08 
30.00 2330 20.00 16.70 1330 3.30 6.70 39.09 
6330 65.80 60.00 63.30 61.6.0 60.00 58.30 67.35 
90.00 90.00 84.20 60.00 70.00 35.80 38.30 77.43 
7432 73.65 66.85 61.50 63.98 50.48 48.32 
The percentage germination of sunflower plants at a petroleum oil concentration 
~ 600 ppm/IO seeds was 100% which was significantly greater than the percentage 
germination at 1000 ppm/I 0 seeds or more. Very little effect on plant germination was 
found at concentrations 400 ppm/IO seeds or below for maize seeds and at 200 ppm/ 10 
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seeds for wheat, acaCia, and alfalfa seeds compared to the non-amended control. At 
concentrations above 1200 ppmll 0 seeds much more inhibition was seen and the 
germination percentage decreased dramatically for all plants. The maximum reduction 
in germination percentages (maximum toxicity) were recorded for the five plants at the 
higher concentrations of petroleum oil (1800 and 2000 ppm/lO seeds). The results 
suggest that an exposure to low concentration of crude petroleum oil during germination 
was less toxic to seed germination as compared with the higher concentrations. 
Sunflower was the most resistant to the toxicity effect of the crude petroleum oil 
followed by maize, alfalfa and acacia. Wheat was the most sensitive to crude oil of the 
plant species test. 
3.3.2 Effect of petroleum crude oil on plants grown in contaminated 
desert soil 
3.3.2.1 Maize 
The average number of plants per pot are shown in Table 4. These data showed that 
crude petroleum oil was toxic to maize seeds and strongly affected their growth at the 
different concentrations. A significant reduction of 64% compared to the control 
treatment was observed at a concentration 50 x 103 ppm. The lowest dose of crude oil 
(lOx 103 ppm) decreased the number of maize plant/pot by about 27%, while the 
highest dose of 150 x 103 ppm caused a 88 % reduction in germination. With regard to 
plant height, contamination of soil with crude petroleum oil had a pronounced effect on 
plant growth. Significant reductions in plant height were observed for plants that grew 
in soil contaminated with more than 30 x 103 ppm crude oil compared to the control. 
There was more than fifty percent reduction in shoot length for plants grown in soil 
treated with oil at 30 x 103 ppm as compared to the control. Above this concentration, 
plant height was greatly reduced reaching 87% reduction at a concentration of 150 x 103 
ppm. 
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Table 4: Growth parameters of maize grown in sandy soil applied with different 
concentrations of crude petroleum oil 7 weeks from sowing. Each pot was so\\n 
with 10 maize seeds and placed in a thermostatically controlled greenhouse at 
30o±2°C (n=4). 
Crude oil Growth Parameters 
concentration 
(ppm x 103) No. of Plant height No. of Leaf surface area Dry weight(g)/p1ant 
plantsIPot (cm) leavesIPlant (cmz/leaf) 
Shoot Root 
0 8.30 47.00 8.00 42.80 18.30 6.90 
10 6.10 26.40 5.70 35.90 8.00 3.00 
30 7.00 20.20 4.80 29.80 3.20 1.60 
50 3.00 12.30 3.80 25.70 3.00 0.70 
75 1.60 11.50 3.30 21.00 3.00 0.70 
100 1.40 9.30 3.10 13.90 2.50 0.70 
150 1.00 6.00 2.00 6.00 1.30 0.40 
L.S.D. at 5% 3.20 27.50 4.50 24.00 8.20 KS. 
Soil contaminated with petroleum crude oil also reduced the average number 
of leaves from 5.7 in the lowest dose of crude oil of 10 x 103 ppm down to 2 
leaves/plant in the soil with the highest concentration of crude oil of 150 x 103 ppm. 
Contamination of soil with petroleum crude oil had also a pronounced effect on the leaf 
surface area (cm2/leaf). Plants exposed to 75 x 103 ppm of petroleum oil had 
significantly reduced leaf surface areas (about 51 % decrease). Above this concentration 
toxicity was more drastic reaching 86% reduction at concentration of 150 x 103 ppm. 
There was a significant decrease in biomass of plants (shoot and root dry weights) 
grown in the polluted soils as compared to control soil. Dry matter of maize (g/plant) 
was reduced with increasing concentration of oil. Petroleum crude oil at concentration 
of 30 x 103 ppm was responsible for a 83% and 77% decline in dry weight of shoots and 
roots, respectively. At 150 x 103 ppm crude oil concentration, dry weight of shoots and 
roots were reduced by 93% and 94%, respectively. 
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3.3.2.2 Sunflower 
Table 5: Growth parameter of sunflower plants grown in sandy soil contaminated 
with different c?ncentrations of crude petroleum oil 7 weeks after sowing. Each 
pot was sown wIth 10 sunflower seeds and placed in a thermostatically controlled 
greenhouse at 30o±2 °C (n=4). 
Growth Parameters 
Crude oil 
concentration 
(ppmx 103) No. of Plant height No. of Leaf surface Dry weight(g)/plant 
plants/Pot (em) leavesIPlant area (cm2/leaf) Shoot Root 
0 8.50 17.90 27.90 12.10 6.90 0.67 
10 7.50 16.40 11.80 8.10 1.10 0.40 
30 4.30 12.60 10.50 7.60 0.30 0.18 
50 0.50 5.00 4.00 2.50 0.10 0.04 
75 0.50 1.40 2.90 1.60 0.10 0.03 
100 0.00 0.00 0.00 0.00 0.00 0.00 
150 0.00 0.00 0.00 0.00 0.00 0.00 
L.S.D. at5% 1.40 7.80 7.60 2.01 2.40 0.34 
The effect of crude oil on plant numbers was clearly seen at 50 x 103 ppm, 
crude oil at which concentration about 95% of the seeds failed to germinate. However, 
the most dramatic decrease in germination was seen between 100 and 150 x 103 ppm 
where none of the seeds germinated. Concerning plant height, contamination of soil 
with crude oil at a concentration of 30 x 103 ppm had only little effect compared to the 
control treatment. There was about 8% reduction in shoot length of plants grown in soil 
treated with lOx 103 ppm crude oil. 
The average number of leaves/plant significantly decreased at concentrations of lOx 
103 ppm crude oil compared to the control where there was more than 50% reduction in 
the number of leaves/plant. 
The leaf surface area (cm2/leaf) of sunflower plants was also affected by petroleum oil 
pollution. A moderate decrease from 12.1 cm2/leaf(control) to 8.1 cm2/leafat 10 x 103 
ppm crude oil. At 30 x 103 ppm of crude oil the leaf surface was 7.6 cm2/leaf. 
The results also indicated that the dry weights of shoot and root of sunflower plants 
grown in soil contaminated with any of the tested concentrations of petroleum crude oil 
were significantly decreased compared with the plants grown in non-contaminated soil. 
Even at the lowest dose of crude oil, significant inhibition of sunflower shoot dry 
weight of 84% was found. 
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3.3.2.3 Acacia 
Table 6: Growth parameters of acacia plants grown in sandy soil amended with 
different concentrations of crude petroleum oil, 7 weeks after sowing. Each pot 
was sown with 10 acacia seeds and were placed in a thermostatically controlled 
greenhouse at 30o±2 °C (n=4). 
Crude oil 
Growth Parameters 
concentration 
(ppm x 103) No. of Plant height No. of Leaf Surface Dry weight(g)/plant 
plants/Pot (cm) leavesIPlant area (cm2/leaf) Shoot Root 
0 2.20 10.90 7.40 2.00 1.30 0.12 
10 1.30 6.90 4.40 0.90 0.30 0.04 
30 1.00 5.40 3.50 0.90 0.10 0.03 
50 0.80 2.10 2.50 0.40 0.09 0.01 
75 0.80 2.00 2.60 0.40 0.07 0.01 
100 0.30 1.20 1.50 0.20 0.04 0.00 
150 0.00 0.00 0.00 0.00 0.00 0.00 
L.S.D. at 5% N.S. 5.90 4.10 0.60 0.46 0.07 
The crude petroleum oil proved to be also a powerful toxic to seeds and plants of 
acacia (Table 6). Plant height showed decreases of about 37 and 50 % at 10 and 30 x 
103 ppm as compared to the control. Above these concentrations no growth occurred. 
There was more than a 50% reduction in the number of leaves/plant grown in the soil 
polluted with crude oil at 30 x 103 ppm compared to the non-polluted control. 
The leaf surface area (cm2/leaf) of acacia was also greatly affected by crude oil 
pollution. A decrease in the leaf surface area of about 55% was seen at a concentration 
of lOx 103 ppm crude oil. 
Dry weight of acacia shoots and roots showed that soil contaminated with crude 
petroleum oil dramatically reduced the shoot and dry weights of acacia compared with 
the control plants. At lOx 103 ppm of crude oil a significant inhibition of 77% and 68% 
for shoot and root dry weights was found respectively. 
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3.3.2.4 Wheat 
T?ble ?: Growth param~ters of wheat plants grown in sandy soil contaminated 
wIth different co~centrabons of crude petroleum oil, 7 weeks after sowing. Each 
pot was sown With 10 wheat seeds and placed in a thermostatically controlled 
greenhouse at 30o±2°C (n=4). 
Crude oil 
Growth Parameters 
concentration 
(ppm x 103 ) No. of Plant No. of Leaf surface Dry weightlg)/plant 
plants/Pot height leaveslPlant area (em) (cm2/1eaf) 
Shoot Root 
0 8.30 16.80 6.10 58.10 1.80 0.80 
10 4.30 11.70 4.80 42.70 0.20 0.40 
30 3.80 11.50 3.30 34.60 0.20 0.20 
50 2.90 8.60 2.40 10.40 0.20 0.20 
75 3.10 4.20 1.70 4.00 0.20 0.10 
100 1.00 2.20 1.30 3.00 0.10 0.10 
150 0.00 0.00 0.00 0.00 0.00 0.00 
L.S.D. at5% 3.10 7.08 3.90 20.70 0.70 0.30 
The lowest concentration of crude oil decreased the average number of wheat 
plants/pot by 48% (Table 7) , while none of the plants germinated at a concentration of 
150 x 103 ppm crude oil. 
Concerning plant height, contamination of soil with crude oil showed moderate 
effect on plant height causing about 30% at concentrations between 10 and 30 x 103 
ppm crude oil while at 100 ppm plant height of the plants that grew was reduced by 
87%.Number of leaves /plant was reduced from 6.1 in the control to 3.3 leaves/plant at a 
concentration of 30 x 103 ppm. Above these concentrations the no. of leaves/plant was 
significantly reduced reaching zero at the highest dose. 
Plants exposed to 75 x 103 ppm crude oil had a highly significant reduction in leaf 
surface area compared to the control (about 93.1 % reduction). 
Soil contaminated with different concentrations of crude oil greatly reduced the shoot 
and root dry weights of the wheat plants compared with the control plants. At 10 x 10
3 
ppm a significant inhibition of 89% for the shoot dry weight and a reduction of 50lJ( for 
the root dry weight were obtained. 
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3.3.2.5 Alfalfa 
Table 8: Growth parameters of alfalfa plants grown in sandy soil contaminated 
with different concentrations of crude petroleum oil, 7 weeks after sowing. Each 
pot was sown with 10 alfalfa seeds and placed in a thermostatically controlled 
greenhouse at 30o±2°C (n=4). 
Crude oil Growth Parameters 
concentration 
(ppm x 103) 
No. of Plant height No. of Leaf surface area Dry weight(g)/plant 
plantslPot (em) leaveslPlant (cm2/leaf) 
Shoot Root 
0 5.70 8.50 11.50 1.60 1.10 0.10 
10 4.50 5.90 6.60 1.10 0.30 0.08 
30 2.80 1.00 4.50 0.30 0.24 0.06 
50 1.30 0.60 2.70 0.10 0.13 0.03 
75 0.40 0.60 1.00 0.10 0.10 0.01 
100 0.00 0.00 0.00 0.00 0.00 0.00 
150 0.00 0.00 0.00 0.00 0.00 0.00 
L.S.D. at 5% 1.80 2.40 5.60 0.40 0.04 0.003 
There was a significant effect on the number of plants per pot at concentrations 
greater than 10 x 103 ppm compared to the control. No plants grew at the highest two 
concentrations of crude oil. 
Plant height at a concentration of lOx 103 ppm was significantly decreased 
compared with the control. A 88 % reduction in plant height was seen at dose of 30 x 103 
ppm crude oil. 
The average number of leaves/plant showed a >77% decrease at concentrations greater 
than 50 x 103 ppm crude oil compared to the control. 
A large decrease in leaf surface area was seen between concentrations of 30 and 75 x 
103 ppm where the surface area for each leave was reduced by 81 % and 94%, 
respectively. 
Petroleum crude oil significantly reduced the shoot and root dry weight compared to the 
untreated control with reductions of 100% for the shoot and root dry weights at 100 and 
ISO x 103 ppm. 
- 46-
3.4 Discussion 
3.4.1 Effect of crude oil on seed germination 
Results of this study clearly showed that petroleum oil had a significant 
inhibitory effect on the germination of maize, sunflower, acacia, wheat and alfalfa 
seeds. At concentration above 1.2m1l10 seeds, germination was significantly inhibited 
with minimum germination percentages being recorded for the five tested plants at 
concentrations of 1.8 and 2 ml oil per 10 seeds. This is consistent with previous reports 
which studied differences in sensitivity of different plant species to petroleum 
hydrocarbons. Differences in sensitivity may be related to some volatile fraction with 
less than 3 rings found in the oil. These compounds are known to have severe inhibitory 
impact on germination of several plant species (Henner et ai., 1999). Another group of 
chemical compounds which are polyaromatic compound (PAHs) have been shown to 
have indirect secondary effects including disruption on plant -water-air relationships 
(Renault et ai., 2000). This result is in line with that obtained by Wiltse et al., (1998) 
who found that alfalfa seeds germinated in soil contaminated with up to a 50g crude 
oil/kg soil (5% w/w). In this study, at levels of 10.6% (w/w) crude oil, maize did not 
germinate. The results presented here suggest that plant exposure to low concentrations 
of petroleum oil during germination was not toxic, especially not for sunflower and 
maIze. 
According to the results of germination tests by Dibble and Bartha (1979). 
germination of wheat and soybean in petroleum hydrocarbon-contaminated soil (0.34% 
w/w) was delayed compared to uncontaminated control soil. 
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The most tolerant plant to oil contamination in petroleum contaminated soil was maize, 
which germinated at all tested concentrations. The results of this in-vitro test agree with 
the works of Ogbo (2009). This might be because maize is a typical C4 plant which 
uses less water for its metabolism than C3 plants (Heldt, 2005). As a result, maize is 
relatively resistant to toxins including herbicides (Cotter, 2007). 
, . 
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Effect of maize plants on the biodegradation of petroleum crude oil in 
polluted soil 
4.1 Introduction 
Increasing dependence of humanity on fossil fuels, especially petroleum-
hydrocarbons has led to the pollution of cultural lands, owing to spillage of crude oil 
during extraction and processing operations, in many oil-producing countries. 
Utilizing plants to absorb, accumulate and detoxify contaminants in the growth 
substrate through physical, chemical or biological processes are a widespread practice 
(White et al., 2006, ; lilani and Khan, 2006). 
Various plants have been identified for their potential to facilitate the 
phytoremediation of sites contaminated with petroleum hydrocarbons. In the majority 
of studies, grasses and legumes have been singled out for their potential in this regard 
(Aprill and Sims, 1990; Gunther et al., 1996; Reilley et al.,1996; Sharifi et at., 2007; 
Cuevas et al., 2008). Enhanced biological degradation in the rhizosphere soil appeared 
to be the primary mechanism of dissipation, while leaching, plant uptake, abiotic 
degradation, mineralization and irreversible sorption were shown to be insignificant 
(Reilley et al., 1996). Scwab et al., (1995) studied three plants (sorghum, bermuda grass 
and alfalfa) during 14 days in petroleum-polluted soil and found that significantly 
higher mineralization of 14C-phenanthrene degradation occurred in the rhizosphere of 
these plants compared with the bulk soil. 
The mechanisms by which phytoremediation operates include degradation and 
containment as well as transfer of the hydrocarbons from the soil to the atmosphere 
(Cunningham et at., 1996 ; Siciliano and Germida, 1998). Plants provide root exudates 
that contain carbon, mineral nutrients, enzymes and sometimes oxygen that can be used 
by microbial populations in the rhizosphere (Cunningham et at., 1996 ; Vance, 1996). 
This plant-induced enhancement of microbial populations is referred to as the 
rhizosphere effect (Atlas and Bartha, 1998) and is believed to result in enhanced 
degradation of organic contaminants in the rhizosphere. According to Greensmith 
(2005) pea plants increased the numbers of pyrene and phenanthrene degrading bacteria 
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in contaminated soil, by providing the bacteria with nutrients via root exudates. Some 
plant root exudates or compounds from decomposing plant material may increase the 
solubility of petroleum hydrocarbons, making them more bioavailable to degrading 
microorganisms (Qui et ai., 1997). Compounds that do this are known as surfactants and 
are amphiphilic (have both hydrophobic and hydrophilic groups) compounds that lower 
surface tension and increase the solubility of compounds such as PAHs (Mulligan, 
2005). 
Also, plants create a vegetative cover over the soil surface, thus stabilizing 
temperature and moisture conditions (Gunther et ai., 1996) in a range that is more 
suitable for microbial growth. 
Direct mechanisms of containment of hydrocarbons by plants include the 
accumulation of petroleum hydrocarbons within the plants and adsorption of the 
contaminants on the root surface (Cunningham et ai., 1996). 
Plant root growth influences degradation of organic chemicals also indirectly. The 
colonization of the soil by roots can help to liberate contaminants trapped in micropores, 
therefore making them available for microbial attack. 
The rhizosphere is a zone of increased microbial activity at the soil-root interface 
(Anderson et ai., 1993 ; Frick et ai., 1999). Microbial activity in the rhizosphere is 
usually described as the ratio of the number of microorganisms in the rhizosphere soil to 
the number in the bulk soil (the RlS ratio). This ratio can range from 5 to as high as 100. 
This range in activity is often referred to as the "rhizosphere effect" and is responsible 
for increased microbial degradation of organic contaminants (Anderson et ai., 1993). 
Root growth can stimulate microbial activity by encouraging the development of 
soil structure, increasing water and oxygen infiltration. In addition, the rhizosphere 
effect can be attributed to the release of root exudates (Hutchinson et ai., 2003). 
The rhizosphere effect becomes highly significant when dealing with 
hydrophobic contaminants such as PAHs. These compounds are not readily taken up by 
plants due to their tendency to partition off into soil organic matter, therefore making 
rhizosphere degradation the main detoxification pathway (Hutchinson et al., 2003). The 
plant roots stimulate the bacteria in the rhizosphere, which leads to enhanced 
biodegradation of petroleum hydrocarbons (Gunther et al., 1996). Hydrocarbon 
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contamination can have therefore a significant effect on soil microbial populations. 
(Loser et ai., 1998; Riser-Roberts, 1998). Many heterotrophic bacteria are able to utilize 
hydrocarbons as a source of carbon and energy, and most ecosystems support 
indigenous communities of microbes that are capable of hydrocarbon degradation. 
(Nichols et ai., 1996). 
Given this fact, it is not surprising that hydrocarbon contamination can increase 
microbial activity in soil, an effect that can lead to rapid degradation of hydrocarbons 
but can come at the expense of species diversity. Hydrocarbon degraders usually are 
present in the soil at a ratio of approximately 0.1 % of the culturable microbial 
populations (Gunderson, 2006). As contamination increases, these microbes may 
eventually make up a larger proportion of the total bacterial community. (Atlas, 1981). 
Morelli et ai. (2005) found that while both hydrocarbon-degrading and 
heterotrophic bacteria were present in sludge-soil mixtures that were amended with 2.5, 
5 and 109 petroleumlkg-1 dry soil, the diversity of the microbial community decreased 
with increasing contamination. 
The objective of this experiment was to test whether planting using maize plant 
enhances bioremediation of petroleum crude oil contaminated soil and to assess the role 
of rhizosphere soil microbes in the degradation of petroleum hydrocarbons. 
4.2 Materials and methods 
To study the effect of petroleum crude oil contamination on maize growth and soil 
microorganisms an experiment involving maize (Zea mays) cv. Giza 6, cv. (10 seeds per 
pot) was set up in a greenhouse. Pots were filled with 5.0 kg of the sandy soil described 
in chapter 3, and contaminated with petroleum crude oil at a rate of 75g1kg soil. After 
mixing, the soil was left for 14 days to allow volatilization of volatile hydrocarbons. 
Once sown, pots were placed in a thermostatically controlled greenhouse at a 
temperature of 30 ± 2°C for 8 weeks. Chemical fertilizers were added to the soil before 
sowing. Plant samples were taken at 2, 4, 6 and 8 weeks after sowing. Treatments were 
replicated four times. Control treatments did not receive petroleum crude oil. 
During the course of the experiment, indices of plant performance such as 
percentage germination and plant height (cm per plant) were measured every two 
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weeks. Shoot and root dry weight biomass (glplant) of maize were also determined 
every two weeks. Also, soil samples were taken from all treatments at the same time for 
determination of total bacterial counts (log cfu/g dry soil) in the rhizosphere and bulk 
soil during the 8 week experimental period. Microbial popUlations were quantified using 
dilution plating on soil extract agar medium according to the method of Louw and 
Web ely (1959). Determination of petroleum hydrocarbon degrading colonies (log 
mpn/g dry soil) was done using the method described by Wrenn and Venosa (1996). 
4.3 Results 
4.3.1 Germination, growth and plant biomass 
Table 9: Growth parameters of maize plants grown in sandy soil polluted with 
petroleum erude oil at 7S g/kg soil for 8 weeks in greenhouse at 30 0 ±2 0 C (n = 4). 
a) Seed germination % and plant height (em/plant) 
% Seed gennination PIant height (cm) Growth rate 
cm'2 weeks 
Time (week) Mean Non Mean Polluted Non effect Polluted effect polluted polluted Non of time of time Polluted polluted 
2 47.50 82.50 65.00 10.13 29.29 19.71 10.13 29.29 
4 50.00 82.50 66.25 20.42 46.07 33.25 10.29 16.78 
6 50.00 82.50 66.25 30.99 62.09 46.54 10.57 16.02 
8 50.00 82.50 66.25 58.02 88.68 73.35 27.03 26.59 
Mean effect of 49.38 82.50 29.89 56.53 14.51 22.17 polluted 
LSD at 0.05 for N.S 4.05 3.17 time 
LSD at 0.05 for 9.39 2.87 2.25 polluted 
LSD at 0.05 for N.S 5.73 4.51 interaction 
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b) Shoot and root dry weight biomass (glplant) 
Shoot dry weight (g) Root dry weight (gl 
Weight gain rate 
Non Mean Mean 
(g rootl2 week) 
Time (week) Polluted effect Polluted !l.'on effect polluted 
of time Polluted '\on of time Polluted polluted 
2 8.20 9.61 8.90 5.11 7.20 6.15 5.11 7.20 
4 10.30 17.75 14.02 6.18 9.28 7.73 1.07 2.08 
6 22.98 27.83 25.41 11.55 13.74 12.6.t 5.37 4.46 
8 35.41 38.24 36.82 15.87 21.02 18.45 4.33 7.28 
Mean effect of polluted 19.22 23.36 9.68 12.81 
3.97 5.26 
LSD at 0.05 for time 0.02 0.02 0.02 
LSD at 0.05 for polluted 0.01 0.02 0.01 
LSD at 0.05 for interaction 0.02 0.03 0.02 
The effect of petroleum crude oil on germination, above ground height and biomass 
for maize are shown in Table 9. Soil polluted with petroleum crude oil significantly 
reduced the percentage germination, plant height and plant biomass. The percentage 
germination, plant height and shoot and root biomass were comparatively low in all the 
polluted soils compared to the control. Petroleum crude oil caused significant inhibition 
of the seed germination (40.2% decrease) and was responsible for a 47.2% reduction in 
plant height. Petroleum crude oil also caused significant inhibition of the shoots and 
roots dry weights (17.7 and 24% reduction respectively). 
Growth rate of maize plant in polluted soil was 5 cm/week at the second week and 
significant increased to 13 .5cm/week at during the 8th week, while in non-polluted soil it 
was 14.7cmfweek at the 2nd week and 13.3cm/week at the 8th week without significant 
differences. 
Increases of root biomass in polluted soil was 2.6 g/week in the 2nd week and 
significantly decreased to 2.2 g/week in the 8th week, while in non-polluted soil the 
growth biomass significantly increased at a rate of 3.6 and 3.64g/ week in the 2
nd 
week 
and 8th week, respectively. 
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4.3.2 Total bacterial counts in rhizosphere and non-rhizosphere soil 
Ta~le 10: Total bact~rial.counts (Log cfulg dry soil) in rhizosphere and bulk soil of 
maIze plants grown lD sod polluted with petroleum crude oil at 75 glkg soil. Plants 
were grown for 8 weeks in greenhouse at 30o±2°C. Microbial populations were 
measured by dilution plating on soil extract agar (n=4). 
(Log cfulg dry weight soil) 
Rhizosphere Soil 
Time (week) Polluted Non poDuted Polluted Non polluted 
2 5.01 6.05 3.17 4.14 
4 6.25 7.51 4.98 6.41 
6 7.17 7.54 5.26 6.46 
8 7.34 7.62 5.95 6.56 
Average 6.44 7.18 4.84 5.89 
Average m 6.81 5.37 
Average polluted and non-polluted 5.64 6.54 
treatments 
LSD at 0.05 for plant 0.06 
LSD at 0.05 for polluted 0.06 LSD at 0.05 for interaction 0.61 
LSD at 0.05 for time 0.08 
Table 10 shows the total heterotrophic bacterial population (THBe) during the 
eight-week test period. Total colony forming units were determined in rhizosphere and 
non-rhizosphere soil. There was a significant (p<O.05) increase in the population of total 
heterotrophic bacterial numbers as affected by time in both rhizosphere and non-
rhizosphere soil in all treatments. 
Petroleum crude oil significantly reduced the total heterotrophic bacterial counts 
in the rhizosphere and soil. In non-rhizosphere samples the total count for the control 
(non-polluted) was 5.89 log cfu g-l soil, while in petroleum crude oil contaminated soil 
the population was 4.84 log cfu g-l soil. The same trend was also observed in the 
rhizosphere samples of maize plant, where mean population size was 7.18 log cfu g-I 
soil in non-polluted soil and 6.44 log cfu g-I soil in polluted soil. 
The percentage reduction for the total heterotrophic bacterial counts because of 
petroleum crude oil contamination was 82 and 910/( in the rhizosphere and soil 
respectively. 
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4.3.3 Total petroleum hydrocarbon degraders in rhizosphere and soil 
Ta.ble 11: Total petro~eum hydro~arbon degraders (Log mpn/g dry soil) in 
rhlzosphere and n.on-rhlzosphere sod of maize plants grown in soil polluted with 
petroleum crude 011 at a rate of 75g/kg soil for 8 weeks in a green house at 30o±2°C 
(n=4). 
(Log mpn/g dry weight soil) 
Rhizosphere Soil 
Time (week) Polluted Non polluted Polluted !lion polluted 
0 4.33 4.61 4.50 4.28 
2 4.55 4.77 4.40 ·.1,38 
4 4.49 4.86 4.56 4.20 
6 4.63 5.10 4.60 4.47 
8 4.93 5.36 4.87 4.62 
Plant x polluted 4.59 4.94 4.58 4.39 
Mean effect of plant 4.76 4.49 
Mean effect of pollution 4.59 4.66 
LSD at 0.05 for plant 0.06 
LSD at 0.05 for pollution 0.06 
LSD at 0.05 for time 0.10 
Table 11 shows the most probable number (log mpn) of the total petroleum 
hydrocarbon degraders in the rhizosphere of maize plants and in soil. There was a 
significant (p<0.05) increase in the total petroleum hydrocarbon degraders in the 
rhizosphere of polluted and non-polluted soil as the plant grew up, reaching its 
maximum on the 8th week. The same trend was observed in non-rhizosphere soil. In 
general, the hydrocarbon degrading population was almost 2 times greater (P <0.05) in 
the rhizosphere soil compared to non-rhizosphere soil, indicating the role of plant 
exudates in the enhancement of the bacterial population. 
There were 57% fewer (p<0.05) hydrocarbon degraders in rhizosphere of maize 
plants that grew in polluted soil than in the rhizosphere of plant roots that grew in non-
polluted soil. In non-rhizosphere soil the opposite trend was observed; the number of 
petroleum hydrocarbon degraders was 60% greater in polluted than in non-polluted soil. 
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4.3.4 Biodegradation of some petroleum hydrocarbons 
Table 12: Effect of maize plants on biodegradation of petroleum hydrocarbons 
(based on peak area using GC-MS) in soil polluted with petroleum 'crude oil at 
75g/kg soil for 8 weeks in greenhouse at 30o±2 °c (n= 4). 
(Degradation %) 
~ Rhiwsphere Soil Detected Mean effect "lean effect compounds Week 4 Week 8 of detected of detected compounds Week 4 Week8 compounds 
C •• H24 (undecane) 93.26 98.76 96.01 19.00 43.35 31.18 
CJ2FIu (dodecane) 94.29 97.72 96.01 71.19 84.29 77.7~ 
CI3H28 (tridecane) 94.88 97.81 96.35 50.42 95.21 7:!.S2 
C.JI3(1 (tetradecane) 96.15 97.29 96.72 84.37 93.68 89.30 
C.SH32 (pentadecane) 97.42 97.02 97.22 77.84 89.04 83.44 
C.JH~(hexadecane) 90.40 87.66 89.03 87.92 95.59 91.76 
C.,H36 (heptadecane) 84.16 97.11 90.64 85.26 94.77 90.02 
Plant x Time 92.94 96.19 68.00 85.13 
Mean effeet of plant 94.57 76.57 
Mean eO·eet of time 80.47 90.66 
LSD at 0.05 for plant 3.34 
LSD at 0.05 for time 3.34 
LSD at 0.05 for detected compounds 6.24 
LSD at 0.05 for plant x Time 4.72 
LSD at 0.05 for interaction 12.48 
Table 12 shows the percentage degradation of some petroleum hydrocarbons in 
the rhizosphere- and non-rhizosphere soil. Generally, the concentrations of the detected 
compounds in the 8th week were significantly (p<0.05) lower than in the 4th week in 
both the rhizosphere and non-rhizosphere soil (3.4% and 20.20/( lower respectively). 
In the rhizosphere of maize plants at week 8, undecane (C II H:~4) was most easily 
degraded, while hexadecane (C I6H34) was the most persistent. In non-rhizosphere soil, 
the compound hexadecane (C I6H34) was the most rapidly degraded compound, while 
undecane (C ll H24) was the least easily degraded. Data also showed that maize plants 
significantly increased degradation of the different compounds from 76.6 in non-
rhizosphere soil to 94.6% in rhizosphere soil (a 23.59( increase in hydrocarbon 
degradation). 
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4.4 Discussion 
The principal aim of this experiment was to test whether plants enhanced the 
biodegradation of petroleum oil and to asses the potential role of rhizosphere microbes 
in the degradation of petroleum hydrocarbons. The natural soil used in this experiment 
has low percentages of mineral nutrients and clay. The pH was 8.4 and the ability of 
these soils to hold water is very limited. These factors not only make these soils support 
limited plant growth, it also means that microbial activity is normally low. 
Results of this study clearly showed that petroleum hydrocarbons contamination 
reduced seed germination and plant growth rate. Petroleum crude oil caused significant 
inhibition of maize seed germination (40.2% decrease) and a 47.1 o/c decline in the plant 
height and caused inhibition of the shoot and root dry weights of 17.7 and 2.+.4% 
respectively. 
These results were in line with those of Ekundayo et al., (2001) who assessed 
the effect of crude oil on the growth of maize in a pot experiment and found that in 
crude oil polluted soil, percentage germination and plant growth were significantly 
lower compared to the non-polluted control. These authors found that grain yield was 
reduced by as much as 96.5 % in crude oil contaminated soil after 7 weeks. Hydrocarbon 
molecules can penetrate into plant tissues and damage the cell membranes causing 
leakage of cell contents and blocking intercellular spaces reducing metabolite transport 
and respiration rates (Xu and Johnson,1995). The toxic effect on germination and plant 
growth may be due also to the soil's hydrophobicity (Li et al., 1996). Other researchers, 
such as Amakiri and Onofeghara (1984). Adam and Duncan (2002) and Shahriari et aI, 
(2007) also confirmed the toxic influence of petroleum crude oil on seed germination 
and plant growth. 
In the experiment reported here, petroleum crude oil added to soil had also an 
inhibitory effects on the total heterotrophic bacterial populations in the rhizosphere of 
maize plants and in non-rhizosphere soil. The percentage reduction for the total 
heterotrophic bacterial counts as a result of petroleum oil pollution were 91 and 82<7c in 
the rhizosphere and in soil respectively. 
Petroleum crude oil may limit the accessibility of nutrients to microorganisms 
by reducing the availability of water in which the nutrients are dissolved 
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(Schwendinger, 1968). The initial drop in the total heterotrophic counts in the 
contaminated soil sample in the beginning of experiment could be attributed to selective 
inhibition of non-resistant members of the microbial community which are sensitive to 
the toxic components of petroleum and also could suffer from reduced aeration. 
The data presented here clearly show that the number of hydrocarbon degraders 
was higher in the rhizosphere of maize plant than in non-rhizosphere soil. The same 
results were also obtained by Ebuehi et al. (2005). This suggests that plant root 
exudates provide soil microorganisms capable of degrading hydrocarbons with nutrients 
such as organic acids, sugars and amino acids that are essential for the mineralization of 
hydrocarbons (Singer et ai., 2003). 
Soil texture affects phytoremediation by influencing the bioavailability of the 
contaminant (Frick et ai., 1999). For example, Carmichael and Pfaender (1997) found 
that soils with larger particls (e.g. sand) had greater mineralization of PAHs than soils 
with smaller particles (e.g. silt and clay), possibly due to the greater bioavailability of 
the contaminants in the sandy soil. As the soil used here consisted mainly of sand this 
would likely result in high bio-availability of petroleum hydrocarbons. It appeared that 
maize plants cultivated in soil contaminated with petroleum crude oil was highly 
effective in increasing hydrocarbon degradation. Our results confIrm those of previous 
studies by Anderson et al. (1993), Gunther et al. (1996), Hutchinson et al. (2003) and 
Kirk et ai. (2005). 
Result of this study showed that maize plants significantly increased the mean 
degradation rate of petroleum hydrocarbons by 36% during the first 4 weeks after 
planting. Various studies have shown that hydrocarbon degradation can occur through 
phytoremediation. The influence of the maize rhizosphere on petroleum hydrocarbon 
degradation was evaluated in laboratory soil experiments by Chaineau et al. (2000). 
These authors found that the presence of maize increased the biodegradation from day 
20 to day 80 and the removal of hydrocarbon in the presence of plants was 20O/C faster 
than in the non-vegetated soil. These results are in line with those obtained by Walton et 
al. (1994), Nedunuri et al. (2000), Pichtel and Liskanen (2001), Palmroth et al. (2002) 
and Shahriari et al. (2007). 
This suggests the bioremediation of polluted sand soil can be enhanced by 
planting soil contaminated with hydrocarbons with maize plants. 
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CIIA.PTER. FI"VE 
Effect of Trichoderma harzianum (strain T22) on plant growth and 
hydrocarbon degradation in soil polluted with petroleum crude oil 
5.1 Introduction 
Trichoderma harzianum (T22) has potential in stimulating phytoremediation 
directly and indirectly and therefore inoculation of plants with this fungus could be a 
feasible approach to enhance the degradation of hydrocarbons in polluted soil. 
Trichoderma har~ianum (T22) was shown to break down anthracene completely to 
carbon dioxide using 14C-Iabeled anthracene. The fungus also physically adsorbed 
>80% of added anthracene (Errnisch et al .. 1990). Also, species of Trichodenna that 
were tolerant to pyrene and phenanthrene have been isolated from contaminated 
estuarine sediments (da Silva et ai., 2003). 
T.harzianum (T22) can solubilize metal ions and produce siderophores to chelate 
iron, making metal ions required for plant growth more available to the plant (Harman 
et ai., 2004). The fungus is thought to colonize roots of annual plants for their entire 
lifetime by penetrating the outer layers of the roots (Harman et al., 2004). This may 
make the plants release more root exudates to the surrounding soil, thus stimulating 
microbial degradation of pollutants. 
T22 has been shown to induce the production of larger and deeper root systems, 
and plants inoculated with T22 also produce greater plant biomass. Such plants are 
more resistant to abiotic stress and take up nutrients more effectively (Harman et al., 
2004). This would be especially useful in situations that are arid, such as the desert 
regions of Saudi Arabia. 
5.2 Materials and Methods 
A greenhouse experiment using different concentrations of petroleum crude oil was set 
up to study if T.har~ianum strain (T22) enhanced plant growth and stimulated microbial 
communities of bacteria and fungi in soil contaminated with petroleum crude oil. In this 
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experiment maize, sunflower, acacia were used as test plants. For each plant species the 
following treatments were used. 
1. Soil + N.P.K 
2. Soil + T22 + N.P.K. 
3. Soil + N.P.K. + crude oil at 10,000 ppm 
4. Soil + T22 + N.P.K. + crude oil at 10,000 ppm 
5. Soil + N.P.K. + crude oil at 30,000 ppm 
6. Soil + T22 + N.P.K. + crude oil at 30,000 ppm 
7. Soil + N.P.K. + crude oil at 50,000 ppm 
8. Soil + T22 + N.P.K. + crude oil at 50,000 ppm 
9. Soil + N.P.K. + crude oil at 75,000 ppm 
10. Soil + T22 + N.P.K. + crude oil at 75,000 ppm 
11. Soil + N.P.K. + crude oil at 100,000 ppm 
12. Soil + T22 + N.P.K. + crude oil at 100,000 ppm 
13. Soil + N.P.K. + crude oil at 150,000 ppm 
14. Soil + T22 + N.P.K. + crude oil at 150,000 ppm 
Four replicates were used for each treatment and pots were arranged in a 
complete randomised design according to replicate. Fifteen seeds of each plant species 
were planted in each pot. As in the previous experiments, the number of plants, plant 
height, number of leaves, and dry weights of both shoot and roots were measured at the 
end of the experiment. The results from each plant species were analyzed separately. 
The obtained data were SUbjected to analysis of variance (ANOVA) and the significance 
of differences between treatments was assessed using LSD values. Soil samples were 
taken at the end of the experiment to quantify total bacterial and total fungal populations 
using methods described previously. 
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5.3 Results 
5.3.1 Maize 
5.3.1.1 Effect of T.harzianum (T22) on maize growth in crude oil 
polluted soil 
Table 13: Growth parameters of maize plants grown in sandy soil contaminated 
with different concentrations of crude petroleum oil 9 weeks after sowing. Maize 
plants were either inoculated with T.harzianum (T22) or not. Each pot was sown 
with 15 maize seeds and placed in a thermostatically controlled greenhouse at 
30o±2°C (n=4). 
Growth Parameters 
Crude oil No. of Plant height No. of Drv wei2ht(2)lPlant 
concentration plants/Pot (cm) leaves/Plant Shoot Root 
(ppm x 103) Non T. harz Non T. harz Non T. harz Non T. harz Non T. hHar.. 
inoc. (T22) inoc. (T22) inoc. (T22) inoc. (T22) Inoc. IT221 
0 (Control) 11.50 12.40 97.70 99.30 6.90 8.20 43.14 51.40 22.20 25.50 
10 11.00 11.90 95.30 100.40 6.40 7.00 36.90 49.50 22.30 25.70 
30 9.80 10.10 94.90 95.20 5.10 5.80 37.40 42.80 21.70 28.90 
50 8.40 8.70 86.90 87.50 4.40 5.30 36.00 40.10 19.60 22.20 
75 7.80 8.20 84.10 84.10 4.30 5.00 36.10 39.60 18.60 2l.1 () 
100 5.70 6.20 77.80 77.90 3.50 4.30 31.90 36.80 17.40 19.60 
150 4.00 4.30 56.90 57.20 2.60 3.30 24.70 33.20 17.10 I2.70 
Mean 8.30 8.80 84.80 86.00 4.70 5.50 35.20 42.90 19.80 21040 
L.s.D. at 50/( for non & with T22 0.36 0.25 0.48 0.78 2.83 
L.S.D. at 5 % for concentrations 0.68 0.47 0.90 1.46 5.29 
LS.D. at 5 % for interaction N.S. 0.66 N.S. 2.06 r>;.S. 
Table 13 shows that soil with concentrations of petroleum crude of 30 x 103 ppm 
significantly reduced the average number of germinated plants from around 12 in the 
control treatment to around 10 plants. At the highest concentration of 150 x 103 ppm 
only 4 plants germinated on average in each pot. 
Inoculation of maize seeds with T.harzianum (T22) significantly increased the number 
of plants/pot. On average, the number of plants/pot were increased from 8.3 to 8.8 
plants/pot as a result of inoculation with T22 (6% increase). Plant height was not 
significantly affected by either crude oil concentration or T.harzianum (T22) (Table 13). 
A large decrease in plant height was seen between at 150 x 103 ppm crude oil in both 
non-inoculated T22-inoculated seeds (Table 13). 
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Application of T.harzianum (T22) had a significant effect on the number of 
leaves/plant which increased on average from 4.7 leaves per plant in the control to 5.5 
leaves in the T22 treated plants (an increase of 17%). Also, the dry weights of shoots 
and roots were significantly greater in plants inoculated with T22. Shoot weight 
increased from an average of 35.2 to 42.9g1plant while root weight increased from 19.8 
to 21 .4 glplant as a result of inoculation with T22 
5.3.1.2 Effect of T.harzianum T22 on bacterial and fungal population in 
crude oil polluted soil 
Table 14: Average numbers of bacterial and fungal propagules (expressed as log 
cfulg) in soil contaminated with different concentrations of petroleum crude oil 9 
weeks after sowing. Maize plants were either inoculated with T.harzianum (T22) 
or not. Counts were measured by dilution plating method on soil extract agar for 
bacteria and Martin's medium for fungi (n=4). 
o 
Concentrations 
(ppm x 103 ) 
Means of concentrations 
L.S.D. at 5% for non & inoc. 
L.S.D. at 5 % for concentration 
L.S.D. at 5 % for interaction 
6.70 
6.40 
Total bacerial counts Total fungal counts 
T. IUJrz Non inoc. Non Inoc. inoc. T. IUJrz inoc. 
7.10 3.00 4.30 
6.70 2.80 3.70 
0.02 L.S.D. at 50/( for non & inoc. 
f..-.':'-'0.0'::":3'-------l L.S.D. at 5 % for concentration 
- 0.02 
0.03 
= 0.05 L.S.D. at 5 <;( for interaction 0.05 
Bacterial counts per gram soil in the non-polluted control treatment (0) were 2.5 
times greater (P < 0.05) in T22 inoculated soil than in non-inoculated soil, while fungal 
counts were almost 20 times greater (P < 0.05) in inoculated soil compared with in non-
inoculated soil (Table 14). Whereas, populations of both bacteria and fungi in crude oil 
polluted soil were in general lower than in non-polluted soil, inoculation with T22 
increased numbers of both groups of organisms in all crude oil polluted treatments. 
Overall inoculation with T22 increased bacterial counts two fold (P < 0.05) and fungal 
populations eight fold (P < 0.05). 
- 62-
5.3.2 Sunflower 
5.3.2.1 Effect of T.hanianum (T22) on sunflower growth in crude oil 
polluted soil 
Table 15: Growth of sunflower plants grown on sandy soil contaminated with 
different con~entra.tions of cru~e petroleum oil 9 weeks after sowing. Sunflower 
pl.ants were eIther moculated WIth T.harzianum (T22) or not. Each pot was sown 
WIth 15 sunflower seeds and placed in a thermostatically controlled greenhouse at 
3oo±2°C (n=4). 
Growth Parameters 
No. of leaveslPlant 
Dry weight(g)!PIant Crude oil 
concentration 
(ppm x 103) 
No. of 
PlantslPot 
Plant height 
(em) Shoot Root 
Non : T.lwrz 
inoe. '(T22) 
Non 'T. Iwrz Non T. harz Non T. Iwrz 
inoe. : (T22) inoe. (T22) inoe.· (T22) 
o (Control) 12.10 i 12.70 
.... '" ._ .... _____ ._ ~._, .... _ ... ___ .................. _._ ...... 1. __ .. _. __ . __ ._ 26.60_J_:?_~~~_. __ .. 6.90 i 8.30_1_~~~~_j:~.~0 
27.10 27.60 '-6j-O--'--"'-r-6~SO--"--- 16.20 '18.00 10 10.30 10.60 
24.00 ;24.90 . ! 3.40 i 4.00 17.801 16.40 
50 22.30 22.60 .. "3j-o----t-iso-·-·-----i4-:-io---i -is. 20 9.30 9.70 ......... 9.30---8.90 
30 
......... -.-.-----.- .•. -. "'-' "'--" -··)···-c·-----·---j·· --"'--'---'-'- .. -,-.. -.. -.. -.-... -.. -.-.. --. ..-.. --.. -.. -... -.-j -'-"'-" ... -.. "'-" ....... . 
75 15.40 16.00 2.80 '3.40 13.60' 13.90 
--_._._.-
9.00 9.30 
)lion 
inoe. 
7.08 
.. -
6.30 
T. ha17. 
(T2:!) 
: lIAO I 
10.30 .... --.-. 
7.80_ i_?~?_ 
7.50 . 8.80 
8.00 8.80 
::: :~:o:::::~~~~::·::::: ::::.~::_ ::::~:.:~~-:: ··::::j::~:~~~:~::~f ..... ~3.~~~ .. "._ .. ;",, __ 13 .... _._9 __ 0_. __ .. ""-i~9-0--·--"T·i50·-"-···--" "··iiio-·--T"j 4. iii "7.6-0 -. ["Sj!O--·- .. --. 
IS 6.30 I 7.10 11.20 11.30 ·-i:s-o·-·--·-i-·iso-·---·-9.IO-·--j--i2.so .... - -5-.(;0.----1-830-------
o 
Means 9.30 9.70 20.00 20.50 37.50 1 44.60 14.60 116.30 7.10 1 9.40 
L.S.D. at 5% for non & 0.39 0.48 0.36 0.47 0.67 
with.!~~...._ ..... _ ... _. __ .... + ___ _ 
L.S.D. at 5% for 0.73 0.90 0.68 0.82 1.25 
concentrations 
................................•... --... 
LS.D. at 5% for N.S. N.S. N.S. 1.16 1.76 
interaction 
Petroleum crude oil reduced germination of sunflower seeds of T22 T.har:ianum 
inoculated and non-inoculated plants (Table, 15). Inoculation of sunflower seeds with 
T22 slightly increased the number of plants/pot from 9.3 to an average of 9.7 plants/pot 
(4.3% increases). Plants grown in petroleum oil contaminated soil that were treated 
with T.harzianum (T22) were slightly taller (2.5%) than the corresponding plants that 
were not inoculated with T22. However this difference was significant. Table 15 also 
shows that as the concentration of petroleum crude oil increased, the number of 
leaves/plant decreased. Inoculation of sunflower seeds with T.harzianum (T22) 
significantly increased the average number of leaves/plant at all concentrations of 
petroleum oil. 
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Application of T.harzianum (T22), as a seed coating significantly increased the 
number of leaves/ plant from 37.5 to 44.6 leaves/plant (l8.9CJc increase). Application of 
T.harz,ianum (T22) caused an increase in the shoot and root dry weights of plants 
growing in soil contaminated with petroleum oil at different concentrations. Inoculation 
with T.harzianum (T22) resulted in shoot dry weights that were 11.6CJc greater than non-
inoculated plants and root dry weights that were 32.4CJc greater than those of non-
inoculated plants. 
5-3-2-2 Effect of T.harzianum (T22) Bacterial and Fungal Population in 
crude oil polluted soil 
Table 16: Averages number of bacterial and fungal propagules (expressed as log 
cfo/g) in soil contaminated with different concentrations of petroleum crude oil 9 
weeks weeks after sowing. Sunflower plants were either inoculated with 
T.harzianum (T22) or not. Counts were measured by dilution plating on soil extract 
agar for bacteria and Martin's medium for fungi (n=4). 
o 
Concentrations 
(ppm x 103) 
Total bacterial counts 
Noninoc. T. harz inoc. 
6.70 7.90 
Total fungal counts 
Noninoc. T. harz inoc. 
3.50 4.20 
.. i 0······· ...... ...... ....... ............... ............... ·'6:60'·'-'·"·"·-··---·'-·":9·0"·"·'·'·'·-'·'--·-·.--- -i·60-··-····-------·-·--··- -4."iO····-····-·_-·-
30 
50 
75 
6.50 7.70 4.00 
....... _ ... 
100 
.......................... 6:40'- .... -.. ---.. - ··7:6·0-··· -_ .. _.-.. --.- ·'3:40' -.- --.- --_._--. 
150 
Means of concentrations 
L.S.D. at 5% for non & moe. 
L.S.D. at 5% for concentration 
L.S.D. at 5% for interaction 
._ ... -
5.70 
6.40 
7.60 
7.70 
0.01 
0.21 
0.03 
3.50 
3.60 
L.S.D. at 5'7< for non & inoc. 
L.S.D. at 5 '7( for concentration 
L.S.D. at 50/( for interaction 
3.80 
3.80 
3.90 
3.50 
- .. 
3.00 
3.80 
(1.01 
0.02 
0.03 
Inoculation of sunflower seeds with T.har:ianum (T22) significantly increased 
the numbers of bacteria and fungi in soil, especially bacteria whose numbers increased 
on average from 6.4 to 7.7 log cfu/g. The number of fungal cfu also increase 
significantly as a result of inoculation. At the high concentrations the protective effect 
of T22 was very large in the total bacterial counts with inoculated soil supporting 7.6 
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log cfu/g soil while soil that was not inoculated supported only 5.7 log efu/ g soil (a 
reduction of 99%). 
5.3.3Acacia 
5.3.3.1 Effect of T.harlianum (T22) on acacia growth in crude oil 
polluted soil 
Table 17: Growth parameters of acacia plants grown in sandy soil contaminated 
with different concentrations of crude petroleum oil 9 weeks after sowing. Maize 
plants were either inoculated with T.harzianum (T22) or not. Each pot was sown 
with 15 acacia seeds and placed in a thermostatically controlled greenhouse at 
300±2°C (n=4). 
Crude oil 
concentration 
(ppm x 103) 
No. of 
plants/Pot 
Plant height 
(em) 
No. of 
leavesIPlant 
T. Non T. Non T. Non 
inoc. Harz inoc. Harz inoc. Harz (T22) (T22) (T22) 
Non 
inoc. 
Dry weight (g)/ Plant 
Shoot 
T. Harz 
(T22) 
I\on 
inoc. 
Root 
T. Harz 
(T22) 
0_('~~~~~~_1._~·80 1 10.20 ._~~~_~~_. __ L.~!:~_~ __ ~.50 l 6.70 _ __ ~::~_~ __ L!_~~~~____ 8.60 10.90 
10 10.20 10.80 17.90 i 18.70 4.40·--~·--5:40 13.60' 14.50 "8:1I)-----"-io:50--
... -.... _ ............ _ .. _ .............. -...... _._ .............. -.. "'-'"'' ... _ .... _ ....... -....... -.. -.-.-.. -.. -... _ .. __ ._ ... _ ...... _ ..... ;_ ..... _ ... _._.- ..... _.. . ... _.. --_._ ... -._ ..... -'---_ .. _. __ . __ ... - -. __ ._ .. _--_ .. _ ... _._ .. _._ .. _._ ... -
30 8.80 • 9.20 13_20 i 13.90 3.20 4.20 12.10: 13.50 9.20 9.60 
... 5'0" ......... - ......... "'" ..... 7.90:8·:40-"- "i3:10" ' .. 1i80"" .. 2.80 3.30-'-' '-I-ii:4'O-t-li~60--'--8jio-----'-'9:00-'" 
7 5 .. ·.::::: .:"~"::"::: .. ::.:.:':?~~? ·.·t?:~:?~:·-·- ·'i2.-00' !ii 10 ........ 1.90 ";'2.50-- ., .. !..!?:~~: .. 1 :!~~~~:~~:~ -8:3!.:·:~~I:~~~?~_~·:: 
100 .......... _ .......................................... _~.~I_~ ....... L~.~~_~_._ .. :.~'.~?~~:~::.:.:J.~~'?~-"-' 2.20 . _ .. ", ._~:.~O___" _~!~ ____ ..L .. !_~~~~_____ 7.30 8.60 
150 5.10 ! 5.60 8.80 i 9.80 1.50 2.00 7.60 i 8.90 5.60 7.60 
MeaJl<; 7.70 830 13.50: 14.40 3.10 3.80 10.60 12.30 8.00 • 9.30 
L.S.D. at 5% for non & with T22 0.42 0.11 0.43 1.46 0.55 
L.S.D. at 5% for concentrations 0.79 0.21 0.81 2.74 1.02 
LS.D. at 5 % for interaction N.S. 0.30 N.S. N.S. KS. 
Similar results and trends were obtained as mentioned before concerning the 
effect of different concentrations of petroleum oil on the plant growth parameters of 
maize and sunflower plants. Inoculation of acacia seeds with Thar:ianum (T22) 
significantly increased the number of plants/pot from 7.7 to 8.3 plants/pot. 
The heights of plants inoculated with T har:ianum (T22) were greater than those 
that were not inoculated. On average, plant height was increased from 13.5 to 14.4 em 
(P<O.05) as a result of inoculation with Tharziallum (T22). Similarly, inoculation with 
T22 increased the number of leaves/plant from an average of 3.1 leaves per plant to 3.8 
leaves per plant. Also, application of Tharzianum (T22) had a significant effect on the 
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shoot and root dry weights which were both on average 16o/c heavier, as a result of 
inoculation with T22. 
5.3.3.2 Effect of T.harzianum (T22) Bacterial and Fungal Population in 
crude oil polluted soil 
Table ~8: ~verage n~mbers ~f ba~terial and fungal propagules (expressed as log 
cfu/g) III soil contaInlnated WIth dIfferent concentrations of petroleum crude oil 9 
weeks after sowing. Acacia plants were either inoculated with T.harzianum (T22) 
or not. Cfus were measured by dilution plating on soil extract agar for bacteria 
and Martin's medium for fungi (n=4). 
Concentrations Total bacterial counts Total fungal counts 
(ppm x 103) Noninoc. T. harz inoc. Noninoc. T. harz inoe. 
0 6.70 6.70 3.40 -t.30 
10 6.60 6.60 3.60 4.00 
30 6.30 6.50 3.80 3.80 
50 6.20 6.50 3.90 3.70 
75 6.10 6.50 4.00 3.70 
100 5.90 6.40 3.30 3.50 
150 5.90 6.00 3.30 3.10 
Means of concentrations 6.20 6.50 3.60 3.70 
L.S.D. at 5% for non & inoc. = 0.03 L.S.D. at 5% for non & inoe. = 0.02 
L.S.D. at 5% for concentration = 0.06 L.S.D. at 5 c;;. for concentration = 0.03 
L.S.D. at 5% for interaction = 0.09 L.S.D. at 5 C7( for interaction = 0.03 
It is clear from the Table 18 that inoculation of acacia seeds with Tharzianum 
(T22) as a seed coating increased the total bacterial and fungal counts in the non-
polluted control treatment. The cfu numbers of total bacteria in soil with Thar:.iallum 
(f22) coated and uncoated acacia seeds were reduced by petroleum contamination 
resulting in a 5-fold reduction in the cfu count at a petroleum concentration of 150 x 10
3 
ppm compared with the non-polluted control treatments In the non-inoculated 
treatments, fungal cfu counts increased up to 5 fold with increasing petroleum 
contamination with a maximum count at 75,000 ppm, but at higher concentrations cfu 
counts were similar as for the non-polluted control. In treatments inoculated with 
Tharzianum the fungal cfu count decreased with increasing petroleum concentrations to 
a level that was around 4 times lower than the non-polluted control. 
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5.4 Discussion 
Maize, sunflower and acacia have been chosen as they were shown to tolerate 
contamination with petroleum crude oil. It was clear from the data obtained that 
introducing Trichoderma T22 as a seed coat promoted plant growth, increasing the 
mean numbers of plants/pot, mean plant heights (crn/plant), leaves number (no./plant) 
and shoot and root biomass of maize, sunflower, and acacia compared with the non-
inoculated controls. 
The present study indicates that Trichoderma T22 provides protection against 
the toxicity of petroleum crude oil. Plants inoculated with T22 grew better than non-
inoculated plants. The shoot and root dry weights were increased by a mean a\'erage of 
21.8% and 8% for maize, 11.6 and 32.4% for sunflower and 16 and 160t for acacia, 
respectively. Even at the two higher concentrations of petroleum oil (100,000 and 
150,000 ppm), better plant growth was obtained with T22 inoculated plants than with 
those that were not inoculated. The reasons why Trichodenna protects plants against 
hydrocarbon toxicity are not clear. Greensmith (2005) reported that T.har;,ianum (T22) 
increased bioavailability of phenanthrene, suggesting that plants inoculated with T22 
could be exposed to higher levels of hydrocarbons. It is possible that (T22) solubilized 
plant nutrients leading to increased plant growth. It is therefore more likely that 
increased plant growth resulting from inoculation with Trichodenna T22 is independent 
of pollution but is simply the result of the fungus acting as a plant growth promoting 
agent in both polluted and non-polluted soil. 
Data also showed that (T22) when applied as a seed coating, significantly 
increases the total bacterial and fungal counts in non-polluted or petroleum-polluted soil 
of maize, sunflower and acacia plants. Studies by other investigators reported that there 
are conflicting reports on the effectiveness of inoculating contaminated soil with 
microorganisms. However, these results are in line with the limits given by Amadi and 
Odu (1993) who reported an initial gradual increase in microbial population size 
following the application of petroleum hydrocarbon followed by a decline as the 
biodegradation progressed. 
On the other hand, (Radwan et at., 1997) found that the population of 
indigenous, oil degrading Arthrobacter in sand treated with crude oil at a rate of 20r:( 
(w/w) decreased dramatically following inoculation with non-indigenous oil degraders. 
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Other studies have found that inoculation enhances degradation of petroleum 
hydrocarbons (Ford et ai., 1999; da Silva et ai., 2003; Gomez et aI., 2003 ; Zhang et al., 
2005). 
The present results indicate that inoculation of seeds with (T22) enhanced and 
caused a proliferation of the bacteria and fungi in soil contaminated with petroleum 
crude oil. This might be due to the fact that Trichodenna (T22) increased the 
bioavailability of some hydrocarbon components leading to a larger population of 
hydrocarbon degraders. 
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C~PTER. SI:X 
Effect of Trichoderma harzianum (strain T22) inoculated maize plants 
on the degradation of petroleum crude oil in soil 
6.1 Introduction 
Among the positive effects of Trichodenna on maIze that have been noted 
included are the following (Harman et ai., 2004 and Harman, 2006): 
a) Control of root and foliar pathogens 
b) Changes in the micro flora composition on roots 
c) Enhanced nutrient uptake of plants 
d) Enhanced solubilization of soil nutrients 
e) Enhanced root development 
f) Increased root hair formation 
g) Deeper rooting 
T.harzianum (T22) has most potential in stimulating phytoremediation indirectly 
and therefore, inoculation of plants with this fungus could be a feasible approach to 
enhance the degradation of hydrocarbons in polluted soil. By inoculating this fungus 
into the rhizosphere, the inoculants might also protect the plants from the toxic effects 
of the contaminants, i.e., it has been reported that T22 can break down anthracene 
completely to carbon dioxide or was found to adsorb > 80% of added anthracene. 
(Ermisch et al., 1990). 
Successful inoculation requires sufficient microbial biomass that can survive in 
the root zone of an actively growing plant in the soil environment where survival of the 
inoculants is likely to be high and the inoculant may show good colonization capacity 
and survival on the roots of selected species for prolonged periods of time (Femet, 
2008). The survival of plants and inoculants is a deciding factor in the rate of 
degradation of hydrocarbons (Mishra et ai., 2001). 
Any contact with crude oil results in damage to soil conditions of agricultural soiL 
microorganisms and plants. (Onuoha et ai., 2003). These authors also reported that 
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concentration of crude oil of >3% in an environment, crude oil becomes increasingly 
deleterious to soil biota and crop growth. In Nigeria, Adedokun and Ata£a (2007) 
reported that addition of Pleurotus pulmonarium as a bioaugumentation agent to crude 
oil-pollu ted soil significantly increased seed germination from 60 to 96 7c. increased 
plant height from 10.3 to 22 cm and increased biomass production from 0.5 to 1.5g dry 
wt per plant. In addition to direct degradation of oil, fungi may enhance oil degradation 
indirectly by improving plant performance (Marx and Artman, 1979 ; Castellano and 
Trappe, 1985). Because most fungal species are sensitive to oil, this positive effect can 
be diminished in heavily polluted soils. Terrestrial studies that have been conducted in 
arctic and subarctic environments, petroleum oil has been shown to stimulate the growth 
of filamentous fungi, yeasts and heterotrophic bacteria. (Campbell et at., 1973 ; Sparrow 
et al., 1978). 
The objective of the present study was to investigate the effect of inoculation of 
maize plants with the fungus T.har-;.ianum (T22) on maize plant growth and quantify if 
bacterial and petroleum hydrocarbon degraders are increased petroleum crude oil 
degradation in rhizosphere soil. 
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6.2 Materials and Methods 
An experiment with maize seeds (cv. Egypt 6) was conducted in a greenhouse 
using petroleum crude oil at concentration of 75g/kg soil. To assess the phytotoxicity of 
the petroleum crude oil in soil. The soil represents the upper 25 cm layer of Wadi F atma 
region, eastern part of Jeddah City, Saudi Arabia. The soil was analyzed for main 
physical and chemical properties according to USDA (2004) in evaluation and 
remediation of soil and plants pollution unit N.R.C, Cairo Egypt (Table, 19). 
Table 19: Physical and chemical properties of the used soil prior to remediation 
and cultivation .The soil represents the upper 25 cm layer of Wadi Fatma region, 
eastern part of J eddah City, Saudi Arabia. 
Parameters Values % 
A. Physical Properties: 
Very coarse sand 11.20 
Coarse sand 8.30 
Medium sand 16.00 
Fine sand 39.60 
Very fine sand 15.40 
Silt+c1ay 9.50 
Texture class Sandy soil 
Saturation rate 27.30% 
B. Chemical Properties: 
pH (1:2.5) * 8.46 
EC.dS m·l ** 1.62 2.23 CaC03 % 0.46 Organic matter % 0.00 C03·> (ppm) 250.1 HC03> (ppm) 227.2 crl (ppm) 180.0 Ca++ (ppm) 93.6 
Mg++ (ppm) 155.0 
Na+ (ppm) 31.20 
K+ (ppm) 
C. Total N.P.K: 
N (ppm) 127.00 
P (ppm) 0.06 
K (ppm) 0.20 
* 
= is the ratio of soil to water 
** = decisemens per meter 
The soil consisted for 90.5 % of sand. Both CaC03 and organic matter content 
1 2 23 d 0 46o/t: respectively The EC of the soil extract (1.62 ds mol) were very ow; . an . 0 . 
indicates slight salinity, whereas the nutrient status of the soil was very poor with N.P.K 
contents of 127,0.06 and 0.20 ppm, respectively. 
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A commercial formulation of T.harzianum strain T22 was dusted onto maIZe 
seeds (15 seeds per pot), resulting in a thin film of spores on the seed surface. This is the 
method of commercial application for the EPA-registered products. The petroleum 
crude oil was added to the soil before sowing. Therefore, the treatment for each planted 
and non-planted pots were as follows: 
Soil without treatment 
Soil and crude oil 
Soil and T.harzianum 
Soil and crude oil and T. hari;:janum 
Four replicates were used for each treatment and pots were arranged in a 
randomized block design according to replicate. Soil moisture was maintained at 
constant level of 60% water holding capacity of the soil during the course of experiment 
(8 weeks). The percentage germination, plant height and shoot and root dry biomass 
were measured as mentioned before in the previous experiment. Soil samples were 
taken from the rizosphere soil and non-rhizosphere soil at harvest at the end of the 
experiment to estimate the number of culturable bacteria and hydrocarbon degrading 
bacteria. Also, soil samples from the polluted pots were taken for hydrocarbon analysis 
using GC-MS analysis as mentioned previously. The obtained results were subjected to 
analysis of variance (ANOV A) and the significance of differences between treatments 
was assed using LSD values. 
6.3 Results 
6.3.1 Germination, growth and biomass 
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Table 20: Effect of inoculation with Trichoderma harzianum (T22) as a seed treatment on some growth parameters of maize plants grown in 
soil polluted with petroleum crude oil at (7Sg/kg soil), for 8 weeks in greenhouse at 30o±2°C (n=4). 
) Seed germination % and plant height (cm) 
Seed germination % Plant height (em) Gro,,1h rate 
Time (week) Polluted NonpoUuted Mean effect Polluted NonpoUuted Mean effect cml2 week 
T22 Without T22 T22 WithoutT22 of time T22 Without T22 T22 Without T22 of time Polluted Non polluted 
2 67.50 52.50 90.00 82.50 73.13 9.28 7.84 35.42 22.65 18.80 8.56 29.03 
4 67.50 52.50 90.00 82.50 73.13 24.38 19.36 45.95 35.48 31.29 13.31 11.68 
6 67.50 52.50 90.00 82.50 73.13 44.30 37.33 74.44 57.38 53.36 18.95 25.20 
8 67.50 52.50 90.00 82.50 73.13 69.89 51.40 101.52 89.52 78.08 19.83 29.60 
Polluted X T22 67.50 52.50 90.00 82.50 36.96 28.98 64.33 51.26 15.16 1 23.88 
Mean effect of polluted 60.00 86.25 32.97 57.79 
Mean effect of T22 78.75 67.50 50.64 40.12 
LSD at 0.05 for time N.S 1.85 8.04 
LSD at 0.05 for~olluted 2.05 1.31 5.69 
LSD at 0.05 for T22 2.05 1.31 .. 
--
LSD at 0.05 for pollutedxT22 3.08 1.85 .. 
LSD at 0.05 for interaction N.S 3.70 N.S 
b) Shoot and root dry biomass weight (g/plant): 
Shoot dry weight (glplant). Root dry weight (g/plantl. Weight rate gl2 week 
Time (week) Polluted Non polluted Mean effect Polluted Non polluted Mean effect (Root) 
T22 Without T22 T22 Without T22 of time T22 Without T22 T22 Without T22 of tillle Polluted Non pollllted 
2 13.31 9.20 20.90 17.36 15.19 4.22 3.21 10.17 5.51 5.78 3.71 7.84 
4 21.44 18.35 38.32 25'()4 25.79 7.83 6.14 16.74 9.92 10.16 3.27 5.49 
6 31.79 28.23 45.77 39040 36.30 13.51 10.11 20.16 15.33 14.78 4.82 4.42 
8 37.72 33.60 55.13 47.52 .. U.49 19.99 16.75 23.54 20.14 20.1() 6.56 4.09 
Polluted X T22 26.06 22.34 40.03 32.33 11.39 9.05 17.65 12.72 4.59 I 5046 
Mean etTect of polluted 24.20 36.18 10.22 15.19 
Mean etTeet of T22 33.04 27.34 14.52 10.89 
LSD at 0.05 for time 0.03 ().O8 N.S 
LSD at 0.05 for jlnlluted 0.02 0.06 N.S 
LSD at ().OS for 1'22 0.02 ().O6 .. 
LSD at 0.05 for pollutedxT22 0.03 0.08 .. 
LSD at 0.05 for intuaetion 0.06 0.16 N.S 
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Table 20 shows that crude oil pollution significantly decreased the percentage 
germination by 26% from 86% to 60% .Inoculation of polluted and non-polluted soils 
with T.harzianum (T22) significantly enhanced the percentage germination of maize 
seeds. In petroleum crude oil-polluted soil, T22 inoculation improved seed germination 
from 52.50 to 67.50% (15% increases), while seed germination in non-polluted soil was 
improved from 82.50 to 90.00% (8.50% increase). 
The crude petroleum oil was toxic to maize plants (Table 20). Pollution of soil 
with crude oil significantly decreased plant height from 57.8 to 33.0 cm/plant (430'(' 
decrease). Inoculation of polluted and non-polluted soils with T.har:ian1l11l (T22) 
significantly increased plant height of maize seedlings. In polluted soiL the inoculation 
increased plant height from 29.0 to 37.0 cm/plant (27.5% increases) and from 51.3 to 
64.3 cm/plant (25.5% increase) in non-polluted soil. Inoculation of crude oil polluted 
and non-polluted soils with T22 significantly enhanced the formation of shoot and root 
biomass. Inoculation of polluted soil with T.har;:.ianllln significantly increased the shoot 
dry weights from 22.3 to 26.1 g/plant (16.7% increase) and root dry weight from 9.1 to 
11.4 g/plant (25.3% increase). In addition, inoculation of non-polluted soil with T22 
significantly increased the shoot dry biomass from 32.3 to 40.0 g/plant (23.8% increase) 
and the root dry biomass from 12.7 to 17.7 g/plant (38.8% increase). 
In general, inoculation of maize seeds with T22 resulted in a significant increase 
in the shoot and root dry weights of plants grown in polluted and non-polluted soil 
(main effect). Inoculated plants had 20.9% more shoot biomass and 33.3% more shoot 
biomass (Compared with non-inoculated plants). 
6.3.2 Total bacterial counts in rhizosphere and soil 
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Table 21 : Effect of inoculation with Trichoderma harziallum (T22), as seed and soil treatments, on the total bacterial counts (Log cfulg 
dry soil) in rhizosphere and soil polluted with petroleum crude oil (7Sg/kg soil). Plants were grown for 8 weeks in a greenhouse at 
30o±2°C. Counts were measured by dilution plating method on soil extract agar (n=4). 
Rhizosphere Soil apart 
Polluted Non - Polluted Polluted Non- Polluted 
Time (week) 
T22 WithoutT22 T22 Without T22 T22 Without T22 T22 Without T22 
2 6.82 6.23 7.39 7.16 3.42 4.09 3.43 3.28 
4 7.32 7.24 7.62 7.50 6.32 5.34 4.29 4.90 
I 
6 7.58 7.51 7.69 7.65 6.563 5.57 4.84 5.17 
8 7.64 7.53 7.73 7.68 7.08 6.33 3.9.t 6.0.t 
Polluted x T22 7.34 7.13 7.61 7.50 5.85 5.33 4.13 4.S5 
Mean effect of polluted 7.23 7.55 5.59 4,49 
-- --
I \Iean effect of T22 7.47 7.31 4.97 5.09 I 
Mean effect of plant 7.39 5.04 
LSD at 0.05 for plant 0.31 
-~-
LSD at 0.05 for polluted 0.03 0.06 
LSD at (I.0S for T22 0.03 0.06 
-~ 
LSD at O.OS for time 0.1l4 Il.OK 
-
LSD Ht 0.05 for pollull'd x T22 1l.04 (l.OK 
-
LSD at O.OS for interartion 0.08 0.17 
- - - -- -- -- --
- ---_ .. - -- ------ --
-
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Comparison between total bacterial counts in the rhizosphere of maize plants and 
soil (Table, 21) showed that the numbers of heterotrophic bacteria were higher in the 
rhizosphere than in the soil, in the presence of petroleum crude oil. with and without 
T22. The total mean counts in the rhizosphere of polluted and T22 inoculated treatment 
were 7.34 and 5.85 log cfu/g- soil in the rhizosphere and soil. respectively. The same 
trend was also observed in the rhizosphere of non-polluted soil inoculated with T22 
where mean counts were 7.61 and 4.13 log cfu/g soil. The number of the total 
heterotrophic bacterial counts increased significantly over the course of the experiment 
in the rhizosphere by 0.4 log units and by> 1 log unit soil. 
Inoculation of polluted and non-polluted soil with T.harjanum (T22) significantly 
increased the total heterotrophic bacterial counts in the rhizosphere of maize plants from 
7.13 to 7.34 log cfu/g rhizosphere soil (increase of 62.1 %) and from 7.50 to 7.61 log 
cfu/g in non-rhizosphere soil (increase of 29 o/c). The same trend was obtained in non-
vegetated soil polluted with petroleum crude oil where the bacterial count was higher in 
T22 inoculated soil. In non-polluted soil, the opposite trend was observed. Inoculation 
of non-polluted soil with T.har:ianum significantly decreased the total bacterial count 
from 4.85 to 4.13 log cfu/g soil (an average decrease of 80. 9o/c). 
6.3.3 Total petroleum hydrocarbon degraders 
The total count of petroleum hydrocarbon degraders (log mpn / g dry soil) in the 
rhizosphere of maize plant polluted with crude oil and inoculated with T22 and their 
controls increased significantly as the plants grew up reaching their maximum numbers 
at the 8th. week (Table 22). 
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Table 22: Effect of inoculation with Trichoderma harzianum (T22) on the number of petroleum hydrocarbon degraders (Log mpn/g dry 
soil) in rhizosphere and soil polluted with petroleum crude oil at a rate of 75glkg soil. Plants were grown for 8 weeks in a greenhouse at 
a temperature of 30o±2 °C (n=4). 
Rhizosphere Soil 
Time (week) Polluted Non-Polluted Polluted Non- Polluted 
T22 Without T22 T22 Without T22 T22 Without T22 T22 Without T22 
2 4.44 4.14 4.22 4.31 4.71 4.42 4.50 4.26 
4 4.48 4.51 4.72 4.60 4.54 4.27 4.22 4.32 
6 4.50 4.57 5.43 4.85 4.27 4.42 4.48 4.30 
8 5.36 5.45 6.15 5.56 4.47 4.56 4.27 4.74 
Plant x polluted 4.70 4.67 5.13 4.83 4.50 4.42 4.37 4.41 
Mean effect of polluted 4.68 4.98 4.46 4.39 
!\lean effect of T22 4.91 4.75 4.41 4.43 
Mean effect of plant 4.83 4.42 
LSD at 0.05 for plant 0.17 
LSD at 0.115 for polluted 0.06 0.06 
LSD at 0.115 for T22 O. ()6 N.S 
LSD at (1.115 for time 0.09 (I.OS 
--
------------ _. - ~-- ~-- -~ - - ------
LSD at (I.I)S for polluted x T22 0.09 0.08 
LSD at (1.115 for interaction 0.18 0.16 
-- - -
-
- -
- -
--~ 
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Table 22 shows that inoculation of maize seeds with T22 planted in petroleum-
polluted soil significantly increased the petroleum hydrocarbon degraders from 4.67 to 
4.70 log mpn/g soil ( 7.15% increases) and from 4.83 to 5.13 log mpn/g soil (3989'c 
increases) in non-polluted soil. The same trend was also observed in non-rhizosphere 
soil that was polluted where the total hydrocarbon degraders count increased slightly 
(but not significantly) from 4.42 to 4.50 log mpn/g soil. In non- rhizosphere soil of 
plants grown in non-polluted soil and inoculated with T22 the number of hydrocarbon 
degraders were not significantly different from the non-treated control (4A 1 log mpn/g 
soil compared with the non treated control being 4.37 log mpn/g soil ). 
Generally, in the rhizosphere, T22 inoculation of plants grown in polluted and 
non-polluted soil significantly increased the total petroleum hydrocarbon degraders 
counts compared to treatments that were not inoculated with T22. Inoculation with T22 
increased the hydrocarbon degraders in the rhizosphere from 4.74 to 4.91 log mpn/g dry 
soil (48% increase) while in non-rhizosphere soil there was no significant effect of 
inoculation. 
6.3.4 Biodegradation of some petroleum hydrocarbons 
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Table 23: Effect of inoculation with Trichoderma harzianum (T22) on the biodegradation of petroleum hydrocarbons Data presented 
are based on standard peak area in soil polluted with petroleum crude oil at a rate of 7Sg/kg (n=4). 
Rhizosphere Soil ~ T22 Without T22 Main effect of T22 Without T22 Mean effect of Detected compounds Week 4 Week 8 Week4 Week8 compounds Week~ Week8 Week 4 Week 8 compounds 
C11Hz.I (undecane) 93.54 98.65 67.00 87.65 86.71 80.43 88.24 86.85 91.86 86.85 
C12H26 (dodecane) 94.43 99.01 77.87 93.54 91.21 87.30 86.91 77.49 83.03 83.68 
C1JH1• (tridecane) 93.70 97.74 75.34 80.91 86.92 78.20 94.35 23.69 77.54 6804~ 
I CI4HJO (tetradecane) 93.65 99.08 60.35 80.84 83.48 83.30 84.14 33.71 66.45 66.90 
C5HJ2 (pentadecane) 92.76 99.27 66.06 80.45 84.63 80.85 96.89 29.67 73.60 70.25 
C1.H," (hexadecane) 96.01 99.50 72.88 90.48 89.72 37.57 64.02 51.82 76.17 57040 
C 7H,. (heptadecane) 71.01 96.80 53.88 76.51 74.55 27.43 85.46 53.55 61.73 57.04 
90.73 98.58 67.63 84.34 67.87 85.72 50.97 75.77 
T22 x time 
Mean effect of T22 94.65 75.98 76.79 63.37 
Mean effect of time 79.18 91.46 59.42 8().74 
Mean effect of plant 85.32 70.08 
LSD at 0.05 for plant 8.23 
LSD at 0.05 for time 3.70 3.90 
LSD at 0.05 for T22 3.70 3.90 
LSD at 0.05 for T22 x time 5.23 N.S 
LSD at (1.1'5 
compounds 
for detected 6.92 7.30 
LSD at 0.05 for interaction 14.61 
N.S 
---
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Table 23 shows the effect of T.har~ianum inoculation on petroleum degradation 
over an 8-week period. The data show that there was more degradation of hydrocarbons 
in the rhizhosphere of maize than in non-rhizosphere soil, suggesting a stimulatory 
effect of rhizosphere on petroleum degradation. Inoculation with T22 increased the 
percentage degradation of hydrocarbons from 76 to 95CJc (p<0.05). Similarly. 
inoculation significantly increased degradation of petroleum hydrocarbons in non-
rhizosphere soil from 63.4 to 77%. Table 23 also shows that maize plants themselves 
significantly increased the degradation rate of petroleum hydrocarbons from 70<;'( 10 
non-rhizosphere soil to 85 % in the rhizosphere soil. 
6.4 Discussion 
The aim of this experiment was to investigate the effect of inoculating maize plants with 
the fungus Trichoderma harzianum strain T22 on plant growth parameters, the number 
of total bacterial and petroleum hydrocarbon degraders, and to determine, whether the 
fungus enhanced the degradation of petroleum crude oil in rhizosphere and non-
rhizosphere soil. 
Petroleum crude oil was toxic to plants as expected. Treatment of soil with 
petroleum crude oil consistently inhibited germination, plant height, shoot and root dry 
weight biomass. This is in line with the work of Atlas (1977) who found that oil 
pollution prevents normal oxygen exchange between soil and atmosphere due to 
hydrophobic properties of oil, thus inhibiting plant growth. Hydrocarbons may coat 
roots thus inhibiting water and nutrient absorption (Kuhn et al., 1998). Odjegba and 
Sadiq (2002) reported that the mean height of Amaranthus was significantly (P < 0.05) 
smaller for plants grown in soil treated with 1 to 5 percent hydrocarbon engine oil 
compared to the height of plants grown in non-polluted soil. 
It is clear from the present data that T22 inoculation improved seed germination in 
petroleum polluted soil, suggesting that T22 provided protection against the toxicity of 
petroleum crude oil. Inoculated plants grew taller than non-inoculated plants. T22 
inoculation of petroleum hydrocarbon polluted soil also significantly enhanced plant 
height, shoot biomass and root biomass. Generally, inoculation with T22 strain showed 
a significant increase of maize plant growth when grown in soil polluted with petroleum 
hydrocarbons. Results of previous studies support this finding (Ermisch et al .. 1990; 
Harman et ai., 2004) which showed that T.har~iallum T22 enhanced plant growth and 
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produced longer, deeper rooting plants (Harman, 1996). Many others also found that 
better plant growth and quality were induced when plants were inoculated with 
T.harzianum (Windham et ai., 1986; Inbar et al., 1994; Bjorkman et al .,1998). 
The data presented here show that there were more heterotrophic bacteria in 
rhizosphere soil of maize plants than in unplanted soil. This is in line with work of Atlas 
(1978), Dibble and Bartha (1979), Buckley (1980) and Gunther et al. (1996). It was 
noticeable that T22 inoculation significantly increased the total number of heterotrophic 
bacteria in the rhizosphere of polluted soil. The same trend was also obtained in non-
rhizosphere soil that was polluted with petroleum crude oil. It is possible that 
T.harzianum increases root activity and root exudation resulting in a stimulation of 
microbial activity. 
The present results indicate that inoculation of maize seeds with T22 resulted in 
an increase in the total number of hydrocarbon degraders in the rhizosphere of maize 
that grew in soil contaminated with petroleum crude oil. The same trend was reported in 
non-rhizosphere soil polluted with hydrocarbons. The ability of T.har:.ianlllll to increase 
the numbers of petroleum hydrocarbon degraders may have something to do with the 
solubility of petroleum hydrocarbons. Perhaps T.har:.ianum T22 produces surfactants 
such as fatty acids which increase the solubility of petroleum hydrocarbons making 
them more bioavailable to the bacteria resulting in increased numbers of petroleum 
hydrocarbon degraders (Greensmith, 2005). 
It appears from the present study that the petroleum hydrocarbons that were 
detected were the same in the rhizosphere of maize plants as in non-rhizosphere soil, but 
they varied in their concentration. Also degradation for all detected compounds was 
greater in the rhizosphere, suggesting a stimulatory effect of the rhizosphere on 
petroleum degradation. This could be explained by the effect of the root exudates that 
were deposited in the rhizosphere which could provide nutrients that allow hydrocarbon 
degradation to commence. 
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CIIAP'TE~SEV-E~ 
Effect ~f water content, mineral nutrients and temperature on the 
degradatton of hydrocarbons in soil polluted with petroleum crude oil 
Laboratory experiments 
7.1. Introduction 
Microorganisms have different levels of tolerance for particular environmental 
conditions. Factors that affect the rate of microbial activity include nutrient availability. 
moisture content, pH, and the temperature of the soil matrix (Walworth et al.. 2005). 
All soil microorganisms require moisture for cell growth and function. 
Availability of water affects diffusion of soluble nutrients into and out of 
microorganism cells. However, excess moisture, such as in saturated soil, is undesirable 
because it reduces the amount of available oxygen for aerobic respiration. Anaerobic 
respiration, which produces less energy for microorganisms than aerobic respiration 
therefore slows the rate of biodegradation of hydrocarbons. A soil moisture content 
"between 45 and 85 percent of the water-holding capacity (field capacity) of the soil or 
about 12 percent to 30 percent by weight" is optimal for petroleum hydrocarbon 
degradation (USEP A, 2006, "Landfarming"). 
Seasonal changes in soil moisture and soil temperature affect the 
ability of soil to supply nutrients to plants through soil organic matter turnover (Bonde 
and Roswall, 1987). Microbial biomass has been reported to vary seasonally in 
European soils (Patra et ai., 1990). Singh et ai. (1989) have also reported a seasonal 
variation in the microbial C, N and P in forests and savanna soils. Generally, a negative 
relationship between soil moisture content and microbial biomass was reported by Ross 
(1971) for New Zealand soils under tussock grassland and introduced pasture. Short-
term fluctuations of moisture and temperature conditions have been shown to influence 
the amount of microbial biomass carbon (MacGill et ai., 1986). Soil organic carbon 
levels, too, have been reported to be governed by climatic conditions (Jenny. 1980). 
A number of limiting factors have been recognized to affect the biodegradation 
of petroleum hydrocarbons. Biodegradability is inherently influenced by the 
composition of the oil pollutant. Okoh (2002) reported that heavy crude oil is generally 
much more difficult to biodegrade than light ones. Major environmental factors 
affecting oil biodegradation include weathering processes. temperature. a\'ailability and 
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concentration of nutrients, availability of moisture, oxygen and pH (Zhu et al .. 
2001 ;Okoh, 2006). 
For example, the bioavailability of contaminants may be lower in soils with high 
clay or organic matter contents (Carmichael and Pfaender, 1997: Otten. 1997). 
Nutrients are very important ingredients for successful biode!ITadation of 
b 
hydrocarbon pollutants, especially nitrogen, phosphorus and in some cases iron 
(Cooney, 1984). Depending on the nature of the impacted environment, some of these 
nutrients could become limiting thus affecting the biodegradation processes (Okoh. 
2006). Hence, the addition of nutrients is often necessary to enhance the biodegradation 
of oil pollutants (Choi et al., 2002 ; Kim et al., 2005). 
Inorganic nutrients including nitrogen and phosphorus are necessary for 
microbial activity and cell growth. It has been shown that "treating petroleum-
contaminated soil with nitrogen can increase cell growth rate, decrease the microbial lag 
phase, help to maintain microbial populations at high activity levels. and increase the 
rate of hydrocarbon degradation" (Walworth et aI., 2005). However, it has also been 
shown that excessive amounts of nitrogen in soil cause microbial inhibition. Walworth 
et al. (2005) suggest maintaining nitrogen levels below 1800 mg nitrogen/kg H~O for 
optimal biodegradation of petroleum hydrocarbons. Addition of phosphorus has benefits 
similar to that of nitrogen, but also results in similar limitations when applied in excess 
(State of Mississippi, Department of Environmental Quality, 1998). 
Temperature plays a very important role in the biodegradation of petroleum 
hydrocarbons fIrstly by its direct effect on the chemistry of the pollutants and secondly 
on the physiology and diversity of the microbial milieu. Ambient temperature of an 
environment affects both the properties of spilled oil and the activity of population of 
microorganisms (Venosa and Zhu, 2003). At low temperatures, the viscosity of the oil 
increases while the volatility of toxic low-molecular weight hydrocarbons is reduced. 
delaying the onset of biodegradation (Atlas, 1981). Temperatures also affect the 
solubility of hydrocarbons (Foght et al., 1996). Highest degradation rates generally 
occur in the range of 30-40 °C in soil environments, 20-30°C is the optimum range in 
some fresh water and IS-20°C is the optimum range in marine environments (Bossert 
and Bartha, 1984 ; Cooney, 1984). 
Generally, "speed of enzymatic reactions in the cell approximately douhles for 
each 10°C rise in temperature" (Nester et al .. 200 I). There is an upper limit to the 
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temperature that microorganisms can withstand Most bacteria fou d . '1' 1 d' 
. n m SOl , mc u mg 
many bacteria that degrade petroleum hydrocarbons, are mesophiles which have an 
optimum temperature range from 25 to 45°C (Nester et al., 2001). Thermophilic 
bacteria (those which survive and thrive at relatively high temperatures) are normally 
found in hot springs and compost heaps exist indigenously in cool soil environments 
and can be activated to degrade hydrocarbons with an increase in temperature to 60 "C. 
This finding "suggested an intrinsic potential for natural attenuation in cool soils 
through thermally enhanced bioremediation techniques" (Perfumo et al., 2007). 
Because soil moisture and other abiotic factors play such an important 
role for microbial activity, it is hypothesized that management these factors in arid soils 
is a key factor for increasing degradation of petroleum hydrocarbons in those soils. A 
range of experiments was carried out to investigate how different factors affected 
microbial activity and hydrocarbon degradation. 
7.2 Materials and Methods 
7.2.1 Effect of soil moisture content on microbial population and C02 
production in non-polluted soil 
Effect of soil moisture content on the total bacterial and fungal counts and 
microbial activity (measured as C02 evolution) in non-polluted soil was studied by 
using 5 different moisture levels. These levels were 0, 10, 30, 50 and 70% of the total 
water holding capacity of the soil. Three hundred g of soil was put in a sterile flask 
(500ml) and the soil moisture level was adjusted to the above mentioned levels. The 
flasks were incubated at 30°C±2 for four weeks. Flasks were weighed daily and 
watered to maintain the required moisture level. Four replicates were used for each 
moisture level. The soil samples were taken weekly for microbial analysis expressed as 
log cfu/g soil as mentioned before. The C02 evolution (C0 2 ml/h/lOOg soil) was 
estimated according to Zidan (1993) using infra red C02 analyzer as follows: 
100g soil was poured into plexiglass tubes (25cm long, .fcm diam.), stoppered at both 
ends with polyurethane foam rubber plugs and connected to infra-red gas analyzer 
system for incubation at 23° ± 0.5°C. Every two hours C02 free air was drawn through 
the samples for 20 minutes and the rate of C02 production was recorded for 15 minutes. 
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The tested soil samples were either unamended (basal) or am d d . h I en e wJt g ucose at a 
rate of 100mg glucose/l OOg dry soil. 
The soil respiration rate was calculated from the following equation: 
Respiration rate = JC 1 0-6 
Where: 
J = the flow rate of 200 or 400 mllmin 
C = C02 production in ppm 
Measurement of respiration rate of each soil sample was made at 2-hour 
intervals for 10 hours after placing the sample into the tube. 
My experience showed that the used infra red CO2 analyzer was not able to give 
measurements for the very wet samples. Hence, the CO2 production at the level of the 
moisture content 70% of the total WHC was not detected as these samples would 
damage the machine. 
7.2.2 Effect of soil moisture on microbial population and CO2 
production of petroleum-contaminated soil 
A parallel experiment was set up using soil contaminated with crude oil (200g 
crude oil/ 800g soil) that was left for 2 weeks to allow evaporation of volatile 
hydrocarbons before being used. Portions of 300g soil were put in flasks and soil 
moisture content was maintained at the same level of moisture content (0, 10, 30, 50 and 
70% of the total water holding capacity of soil). 
The flasks were kept at 30°C for four weeks, during which the soil samples were 
taken periodically 1, 2, 3 and 4 weeks, and the total microbial counts and CO2 were 
determined as mentioned before. The evolution (C02 rnlIhiIOOg soil) was estimated 
according to Zidan (1993). 
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7.2.3 Effect of soil moisture content levels on microbial population and 
CO2 production of petroleum-contaminated soil amended with 
N.P .K. fertilizers 
This experiment aimed to quantify the effect of the five levels of soil moisture 
content in combination with N.P.K. fertilizers. The same five moisture levels as 
mentioned in the previous experiment were used. Each level of soil moisture content 
was amended with N.P.K. fertilizers. 
As mentioned before, the soil was previously polluted with crude petroleum oiL 
300g was put in flasks, the soil was fertilized with the three macronutrients as 
ammonium nitrate (33.5% nitrogen), super phosphate (15.5% P20 S) and potassium 
sulphate (48-52%K) at the rate equivalent to 300, 200 and 100 kglhectare respectively, 
according to the recommendation of Ministry of Agriculture in Saudi Arabia. 
As before, 100 g soil samples were taken after 1, 2, 3 and -+ weeks, incubated at 
30°C and analyzed for CO2 evolution and colony forming units as described before. 
7.2.4. Effect of soil temperature on microbial population and their 
activity in soils contaminated with petroleum hydrocarbons and 
amended with N.P.K fertilizers 
Sterilized flasks (500rnl) were filled with 300g of polluted soil that was 
moisturized to 50% soil moisture content as described before and incubated at 25, 30, 
35, 40 and 45°C in incubator, with four replicated for each treatment. 
As mentioned above soil samples were taken after 1, 2. 3 and 4 weeks incubation and 
analyzed for C02 evolution and microbial population size. 
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7.3 Results 
7.3.1 Effect of soil moisture on microbial population and CO2 
production in non-polluted soil 
7.3.1.1 Bacterial Population 
Table 24: Effect of soil moisture content on the average number of bacterial 
propagules per gram of soil dry weight (expressed as log cfufg soil) over a period of 
4 weeks after initial wetting. Counts were measured by the dilution plating on soil 
extract agar medium for bacteria (n=4). 
Time after treatment 
(weeks) 
One 
Two 
Three 
Four 
Means of treatment 
L.S.D. at 5% for time 
L.S.D. at 5% for moisture 
L.S.D. at 5% for interaction 
*0 
6.00 
6.10 
6.50 
6.70 
6.30 
(Iog.cfufg dry weight soil ) 
10 
6.00 
6.30 
6.60 
7.20 
6.50 
Soil moisture content % 
30 50 70 
6.10 630 5.90 
6.20 630 5.90 
6.60 6.90 6.70 
7.10 7.60 7.60 
6.50 6.80 6.50 
0.01 
0.01 
0.01 
*original soil moisture content (3.2%). 
Means of periods 
6.10 
6.20 
6.70 
7.20 
Data show that the total bacterial count in the soil increased with the time of 
incubation period irrespective of the moisture content as long as there was some 
moisture present (Table 24). Even without moisture the microbial count increased by 
0.7 log units, but at 10% WHC and above microbial counts in all soils increased by 
more than 1.2 log units over the 4 week incubation period (Table ~.f). 
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7.3.1.2 Fungal Population 
Table 25: Effect of soil moisture content on the average number of fungal 
propagules per gram of soil dry weight (expressed as log cfulg soil) over a period of 
4 weeks after initial wetting. Counts were measured by the dilution plating on 
modified Martin's medium (n=4). 
(log.cfulg dry weight soil ) 
Time after treatment Soil moisture content % (weeks) *0 10 30 50 70 l\Ieaffi of periods 
One 2.80 3.10 3.10 3.20 3.00 3.00 
Two 3.10 3.20 3.20 3.50 3.30 3.30 
Three 3.20 3.50 3.50 3.78 3.70 3.50 
Four 3.30 3.80 3.90 4.00 3.90 3.80 
Means of treatment 3.10 3.40 3.40 3.60 3.50 
L.S.D. at 5% for time 0.01 
L.S.D. at 5% for moisture 0.01 
L.S.D. at 5% for interaction 0.03 
*original soil moisture content (3.2%). 
The fungal popUlations were almost 1000 times lower than those recorded for 
the bacterial popUlations throughout the sampling period. the fungal cfu counts not 
exceeding 4.0 log.cfu/g soil (Table 25). The total fungal counts showed the same trend 
as bacterial counts. In moist soil (10-70% WHC), the mean number of fungal cfu 
increased between 0.7 and 0.9 log units, while in dry soil the increase was 0.5 log units 
(Table 25). 
7.3.1.3 Soil Respiration 
Table 26: Estimated soil respiration rate (C02mg/h/IOOg soil) at 4 different 
moisture contents. Soils were incubated for 4 weeks at 30o±2 °C (n=4). 
(C02 mg/h/lOOg soil) 
Time after treatment Soil moisture content % 
Means of periods 
*0 10 30 50 70 (weeks) 
One 0.80 0.80 16.40 37.20 . 13.80 
Two 1.00 2.80 17.00 55.00 - 18.95 
Three 1.20 3.00 17.20 56.80 . 19.55 
Four 2.40 12.20 106.60 113.20 - 58.60 
Means of treatment 1.35 4.70 39.30 65.55 -
- - non detected 
L.S.D. at 5% for time 0.18 ~ L.S.D. at 5% for moisture 0.20 
L.S.D. at 5% for interdction 0.39 
*original soil moisture content (3.2 %). 
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Increasing soil moisture content significantly increased microbial respiration.ln 
fact, raising the soil moisture content from 0 to 10% increased soil respiration rate .3 
fold, while increasing it to 30% and 50% resulted in a respiration rate that was 28 times 
and 47 times higher on average(p<0.05) respectively compared with dry soil (Table 26). 
7.3.2 Effect of soil moisture on microbial population and CO2 
production of petroleum contaminated soil 
7.3.2.1 Bacterial Population 
Table 27: Average number of bacterial propagules per gram of soil (expressed as 
log.cfulg soil) contaminated with petroleum oil (200g/800g sand soil) in soils with 
different concentrations of soil moisture during four weeks incubation at 30o±2 °C. 
Counts were measured by the dilution plating method on soil extract agar medium 
(n=4). 
(log.cfulg dry weight soil) 
Time after treatment Soil moisture content % 
Means of periods --(weeks) *0 10 30 50 70 
One 6.20 6.60 6.90 7.10 7.40 6.80 
Two 6.50 6.70 7.10 7.10 7.20 6.90 
Three 6.80 6.80 7.20 7.30 7.40 7.10 
Four 6.80 7.00 7.40 7.40 7.40 7.20 
Means of treatment 6.60 6.80 7.10 7.20 7.40 
L.S.D. at 5 % for time 
-
0.004 
L.S.D. at 5% for moisture 0.01 
L.S.D. at 5% for interaction 
-
0.01 
* original soil moisture content (3.2%). 
Data in Table 27 show that the total bacterial count in soil contaminated with 
petroleum oil increased significantly as the time of incubation period increased reaching 
its maximum at the 4th week. However. the greatest gain was made in the first week 
with populations in soils with moisture contents of 50-700'c of their WHC being 10-
fold higher than in soils with no moisture after 1 week incubation (Table 27). In general, 
the higher the moisture content the higher the microbial population. 
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7.3.2.2 Fungal Population 
Table 28: Average num~er of fu~gal propagules per gram of soil dl1' weight 
(exp~essed as l~g cfu~g soIl) contammated with petroleum oil (200g/800g sand soil) 
at dIfferent soIl mOIsture contents during a four weeks incubation periods at 
30o±2°C. Cfus were measured by the dilution plating on modified Martin's 
medium (n=4). 
(log.cfulg dry weight soil ) 
Time after treatment Soil moisture content o/c 
:--Ieans of periods (weeks) *0 10 30 50 70 
One 2.20 2.70 2.70 3.00 3.00 2.70 
Two 2.80 2.90 3.10 3.30 3.20 3.10 
Three 2.80 3.20 3.20 3.30 3.20 3.10 
Four 3.00 3.20 3.20 3.30 3.20 3.20 
Means of treatment 2.70 3.00 3.00 3.20 3.20 
L.S.D. at 5% for time 
-
0.02 
L.S.D. at 5 % for moisture - 0.02 
----
L.S.D. at 5 % for interaction = 0.05 
*original soil moisture content (3.2%). 
The total fungal counts showed similar trends as the bacterial counts In general 
the number of cfu increased slightly over time but the greatest gain occurred in the fIrst 
week with levels in moist soil being 0.8 log units higher than in dry soil (Table 28). 
7.3.2.3 Soil Respiration 
Table 29: Estimation of soil respiration rate (C02mg/h/lOOg soil) in soil 
contaminated with petroleum oil at a rate of 200g/800g soil (w/w). Soils were held 
at different moisture contents. Respiration as estimated during 4 weeks at 30
o
±2°C 
(n=4). 
(C02 mg/hIlOOg soil) 
Time after treatment Soil moisture content % Means of periods 
(weeks) *0 10 30 50 70 
One 4.00 22.00 38.00 28.60 -
23.15 
Two 5.20 27.20 56.00 58.00 -
36.60 
Three 6.60 36.00 56.00 62.00 -
40.15 
Four 22.60 46.00 74.60 71.20 -
53.60 
Means of treatment 9.60 32.80 56.15 54.95 -
- - non detected 
L.S.D. at 5% for time - 0.13 
L.S.D. at 5% for moisture - 0.15 
L.S.D. at 5% for interaction - 0.30 
*original soil moisture content (3.2%). 
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Data in Table 29 show that the CO2 production in soil contaminated with 
petroleum oil in soils with different soil moisture contents significantly increased as the 
time of incubation period increased. At week 4, the mean value of CO
2 
production was 
nearly 2 fold higher than the corresponding figure in the first week. Increasing the soil 
moisture content of petroleum contaminated soil from 0 to 50<7c increased the CO
2 
production from 9.6 to 54.95 CO2 mglh/IOOg soil. Generally, higher CO
2 
production 
was observed in soil contaminated with petroleum crude oil at higher soil moisture 
contents throughout the four weeks of experimental period (Table 29). 
7.3.3 Effect of soil moisture content levels on microbial popUlation and 
CO2 production of petroleum contaminated soil amended with 
N.P .K.fertilizers 
7.3.3.1 Bacterial Population 
Table 30: Average numbers of bacterial propagules per g/soil dry weight 
(expressed as log.cfu/g of soil) contaminated with petroleum oil (200g/800g soil, 
w/w) amended with N.P.K. fertilizer. Soils were maintained at different soil 
moisture contents during a 4 week incubation period at 30o±2 °C. Counts were 
measured by the dilution plating method on soil extract agar medium (n=4). 
(Iog.cfulg dry weight soil) 
Time after treatment Soil moisture content 0/, 
(weeks) *0 10 30 50 70 Means of periods 
One 8.30 8.30 8.40 8.40 8.00 8.30 
Two 8.30 8.40 8.40 8.40 8.10 8.30 
Three 8.40 8.40 8.40 8.50 8.20 8.40 
Four 8.40 8.40 8.50 8.50 8.20 8.40 
Means of treatment 8.30 8.40 8.40 8.50 8.10 
L.S.D. at 5 % for time 0.01 
L.S.D. at 5 % for moisture 0.01 
L.S.D. at 5 % for interaction 0.02 
*original soil moisture content (3.20/('). 
The addition of different nutrients in the form N.P.K. (specific macronutrients as 
. hos hate and potassium) had a stimulative effect on bacterial rutrogen, super p p 
popUlation dependent on moisture content (Table 30). As the mean bacterial count at 
50% moisture content was 8.5 log. cfu/g soil and then lowered to be 8.1 log. cfu/g soil 
at 70%. In fact, the highest increase occurred within one week incubation and thereafter 
numbers stayed above 100 million bacteria per g of soil (Table 30). 
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7.3.3.2. Fungal Population 
Table 31: Average numbers of fungal propagules per g/soil dry weight (expressed 
as log.cfu/g of soil) contaminated with petroleum crude oil (200g/800g soil, w/w) 
amended with N.P.K. fertilizer. Soil was maintained at different concentrations of 
soil moisture during a 4 week incubation period at 30o±2°C. Counts were measured 
by the dilution plating method on modified Martin's medium (n=4). 
(Iog,cfulg dry weight soil ) 
Time after treatment Soil moisture content % 
(weeks) *0 10 30 50 70 Means of periods 
One 4.60 4.80 4.80 4.90 4.50 4.70 
Two 4.80 4.90 4.90 4.90 4.60 4.80 
Three 4.80 4.90 5.00 5.00 4.70 4.90 
Four 4.90 5.00 5.00 5.10 4.80 4.90 
Means of treatment 4.80 4.90 4.90 5.00 4.70 
L.S.D. at 5% for time - 0.02 
L.S.D. at 5% for moisture - 0.02 
L.S.D. at 5% for interaction = 0.05 
*original soil moisture 'content (3.2%). 
Fungal populations were smaller than those of the bacteria population (Tables 30 
and 31). As with the bacterial popUlations, fungal populations were similar in all 
treatments and increased only slightly over the incubation period (Table 31). 
7.3.3.3. Soil Respiration 
Table 32: Estimation of soil respiration rate (C02mglhll00g soil) in soil 
contaminated with petroleum oil at a rate of 200g/800g soil (w/w) and amended 
with N.P.K. Soils were held at different moisture contents. Respiration was 
estimated during 4 weeks and the soil was incubated at 30o±2°C (0=4). 
(C0 2 mg/h/l00g dry weight soil) 
Time after treatment Soil moisture content 0/< Means of periods 
(weeks) *0 10 30 50 70 --- --
One 19.60 39.40 52.20 63.80 
. 43.75 
Two 31.00 26.20 75.80 101.60 -
58.65 
Three 37.40 80.60 102.00 157.60 -
94.40 
Four 40.60 110.00 135.40 164.40 -
112.60 
-------
Means of treatment 32.15 64.05 91.35 121.85 -
- - non detected 
L.S.D. at 5% for time 0.30 
L.S.D. at 5% for moisture 034 
L.S.D. at 5% for interaction 0.67 -
*original soil moisture content (3.29'c). 
Data in Table 32 showed that respiration in soil contaminated with petroleum oil 
and amended with N.P.K. fertilizers at various soil moisture le\'els increased 2 to .3 
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fold over the 4 week incubation period. Increasing moisture content also significantly 
increased respiration rate, with respiration almost 4 times higher in soils with SOC;( 
WHC than those that were dry. Soils with 30% WHC had a 3 times higher respiration 
rate than dry soil and those with 10% WHC had twice as high a respiration rate as those 
kept dry (Table 32). 
7.3.4. Effect of soil temperature on microbial popUlation and their 
activity in soils contaminated with petroleum hydrocarbons and 
amended with N.P.K fertilizers 
7.3.4.1 Bacterial Population 
Table 33: Average numbers of bacterial cfus per gram of soil dry weight 
(expressed as log.cfulg of soil) contaminated with petroleum oil at a rate of 
200g/800g soil (w/w) amended with N.P.K. fertilizers and incubated at different 
temperatures during 4 weeks. Counts were measured by the dilution plating 
method on soil extract agar medium (n=4). 
(Iog.cfulg dry weight soil ) 
Time after treatment Temperatures °C 
(weeks) 25 30 35 40 .t5 Means of periods 
One 7.20 7.30 7.60 7.30 7.10 7.30 
Two 7.30 7.50 7.50 7.70 7.20 7.40 
Three 7.60 7.60 7.60 7.70 7.50 7.60 
Four 7.70 7.60 7.60 7.70 7.40 7.60 
Means of treatment 7.50 7.50 7.60 7.60 7.30 
L.S.D. at 5% for time 
-
0.07 
L.S.D. at 5% for temperature 0.08 
L.S.D. at 5% for interaction 0.16 
It is clear from Table 33 that there was very little effect of temperature in the 
range of 25 - 45°C on the total number of bacteria per g soil. At all temperatures the 
numbers were around 7.5 log units per g soil. The only exception was a temperature of 
45°C, where bacterial numbers were slightly lower. 
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7.3.4.2 Fungal Population 
Table 34: Average numbers of fungal propagules per gram of soil dry weight 
(expressed as. log cfulg of soil), contaminated with petroleum oil at ~ rate of 
200g/800g sod (w!w) amended with N.P.K. fertilizers and incubated at different 
temper~tures dur~ng 4 w~ks. Counts were measured by dilution plating method 
on modIfied Martm's medIUm (n=4). 
(Iog.cfulg dry weight soil) 
Incubation Period Temperatures DC l\1e3ll'i 
(weeks) 25 30 35 40 45 of periods 
One 4.00 4.10 4.00 3.60 2AO 3.60 
Two 4.10 4.10 4.00 3.70 I 2.50 3.70 
Three 4.40 4.20 3.90 3.90 2.90 3.80 
Four 4.50 4.30 4.10 3.90 3.60 ·uo 
Means of treatment 4.20 4.20 4.00 3.80 2.90 
L.S.D. at 5% for time O.oz 
L.S.D. at 5 % for temperature 0.02 
L.S.D. at 5 % for interaction 0.05 
The total fungal counts in polluted soil amended with N.P.K. was more than 10-
fold lower at 45°C than at any of the other temperatures tested. The best temperatures 
for fungi seemed to be between 25 and 30°C (Table 36). 
7.4 Discussion 
The effect of soil moisture content as a factor required for bioremediation on the 
microbial activity in petroleum contaminated soil was studied. Data obtained show that 
the total bacterial and fungal counts and CO2 evolution of non-petroleum contaminated 
soil increased during the course of the experiment reaching its maximum values at the 
4th week. Generally higher total mean count of bacteria and fungi and C02 production 
were obtained when the soil contained moisture. Respiration was almost 50 times 
higher at 50% WHC compared to soil that was kept dry. Water is important to plants 
and microbes (Eweis et al.,1998). Water is not only a major component of living 
organisms, it also serves as transport medium to carry nutrients to biota and carry 
wastes away. If the moisture content of the soil is low, there will be a loss of microbial 
activity (Frick et aI., 1999). 
Similarly, it could be shown that the total bacterial count of soil contaminated 
with petroleum oil increased significantly as the time of incubation period increased 
reaching their maximum at the 4th week. The population of aerobic bacteria increased 
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significantly as the levels of soil moisture content increased reaching their maximum at 
70% soil moisture content during the different incubation periods. 
As reported by Alexander (1961), soil moisture content affects the rate of waste 
breakdown reaching maximum microbial activity when the optimum moisture averaged 
50-80% of the water holding capacity of a given soil, while Dibble and Bartha (1979) 
reported that optimal rates of sludge degradation in soil occurring at 30-90ge water 
saturation. 
It was therefore expected that hydrocarbon degradation in the dry soils of Saudi 
Arabia could be dramatically improved just by irrigation or by devising means that 
preserve soil moisture. 
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C~PTER. EIG-I-IT 
Ability of Trichoderma harzianum (strain T22) to degrade petroleum 
crude oil 
8.1 Introduction 
Trichoderma spp. have potential for use in the remediation of pollutants in soil 
(Harman et ai., 2004a,b; Lynch and Moffat,2005). Furthermore. Trichodenna spp. are 
highly resistant to a range of toxicants, including cyanide (Ezzi and Lynch. 2002. 
2005a,b; Ezzi et ai, 2003) and heavy metals (Adams et ai, 2007a,b). Trichodenna 
harzianum strain T22 was shown to break down anthracene completely to CO2 (Ermisch 
et ai., 1990). Furthermore, Trichoderma harzianum (T22) is rhizosphere competent. 
meaning that it will grow effectively on the root systems of plants. It is claimed that T22 
will associate and grow on the roots of any plant species and in soil, but the extent of 
colonization will depend on the physical growth conditions including suitable 
temperature, soil water content and nutritional content (Harman et al ., 2004 a). 
Strategies to accelerate the biological breakdown of petroleum hydrocarbons in 
soil include stimulation of the used inoculant (i.e., T.har~ial111m) by optimizing the 
nutrients, humidity, oxygen and the temperature and physical conditions 
(biostimulation). This study will attempt to demonstrate the role of T22 to degrade 
petroleum crude oil in soil under a range of growth conditions in the laboratory. 
8.2 Materials and Methods 
Soil was polluted with petroleum crude oil at a rate of 200gl800g soil and mixed 
thoroughly for 30 min. After mixing the soil was added to flasks of 500ml each one 
containing 300g of soil sample with water content corrected to 60';( of the soil's water 
holding capacity. A number of flasks were inoculated with a spore suspension of 
T.har;.ianum (T22) at a rate of 1 glkg soil at the start of the experiment. All flasks were 
incubated at 30o±2°C for 4 weeks. Flasks were weighed daily and water was added to 
maintain moisture at 60% WHC. Four replicates were used for each of the following 
treatments: 
1. untreated soil (control) 
2. soil polluted with petroleum crude oil 
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3. soil inoculated with Trichoderma har:.ianum (T22) 
4. polluted soil inoculated with Trichoderma har;ianum (T22) 
As before, soil samples were taken weekly for microbial analysis including total 
bacterial counts and specific hydrocarbon degraders as mentioned before. CO
2 
and some 
degradable hydrocarbons present in petroleum crude oil were quantified using standard 
peak area obtained using GC-MS analysis. 
8.3 Results 
8.3.1 Total bacterial counts in polluted soil inoculated with 
T.harzianum (T22) 
Table 35: Average number of total bacteria (log cfu/g dry soil) in soil polluted with 
petroleum crude oil at a rate of 200gl800g soil and inoculated with a spore 
suspension of Trichoderma harzianum at a rate of Ig/kg soil. The soil was incubated 
for 4 weeks at 30o±rC, addition of N.K.P and 60% water holding capacity of the 
soil in laboratory. Populations were quantified using dilution plating onto soil 
extract medium (n=4). 
(Log cfulg dry weight soil) 
Polluted Non-polluted 
I\lcan effect Time (week) 
of time 
T22 Without T22 T22 Without T22 
1 4.63 4.51 4.17 3.79 4.28 
2 5.05 4.95 4045 4.51 4.74 
3 5.17 5.04 3.94 4.98 4.78 
4 6.08 5.22 6.15 6.26 5.93 
Polluted X T22 5.23 4.93 4.68 4.89 
Mean effect of polluted 5.08 4.78 
Mean effect of T22 4.95 4.91 
LSD at 0.05 for time 0.28 
LSD at 0.05 for polluted 0.20 
LSD at 0.05 forT22 N.S 
LSD at 0.05 for pollutedxT22 0.28 
LSD at 0.05 for interaction 0.55 
Table 35 shows that the total heterotrophic bacterial counts in the non-polluted 
soil inoculated with T22 or without, generally increased 100 fold (P < 0.05) over the 4 
week incubation period, reaching its maximum on the 4th week. In 
microbial populations inoculated with T22 increased 2 fold. while 
population in non-inoculated soil decreased slightly (Table 35). 
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polluted soil 
the hacterial 
8.3.2 Total hydrocarbon degraders in polluted soil inoculated \lith 
T.harzianum (T22) 
Table 36: Effect of soil inoculation (as spore suspension at rate of 1 g/kg soil) \\ith 
T.harzianum (T22) on total hydrocarbon degraders (log mpn/g dry soil) in soil 
polluted with petroleum crude oil at a rate of 200g/800 g soil. Soil was incubated 
for 4 weeks under optimal conditions in the laboratory (300±2°C, addition of N.K.P 
and 60% water holding capacity of the soil). Populations were quantified in 
separate 96-well microtiter plate method on Bushnell-Hass medium (n=4). 
(Log mpn/g dry weight soil ) 
Polluted Non polluted 
Time (week) Mean effect 
T22 Without T22 T22 Without T22 of time 
0 4.38 4.27 433 4.05 4.26 
I 4.45 4.47 4.16 4.40 4.37 
2 4.57 4.83 4.05 4.39 4.46 
3 4.96 434 4.10 4.74 4.54 
4 5.59 4.40 4.70 3.97 4.67 
Polluted x T22 4.80 4.46 4.27 4.31 
Mean effect of polluted 4.63 4.29 
Mean effect of T22 4.53 439 
LSD at 0.05 for polluted 0.12 
LSD at 0.05 for T22 0.12 
LSD at 0.05 for time 0.19 
LSD at 0.05 for polluted x T22 0.17 
LSD at 0.05 for interaction 0.38 
Table 36 shows that the total number of hydrocarbon degraders (log mpnJdw) in 
soil polluted with crude oil increased slightly during the 4- week incubation period 
hi · . t the 4th week The T')') inoculated polluted soil showed a reac ng Its maXlffium a .--
sudden 4 fold increase in the number of hydrocarbon degraders between week 3 and 4. 
None of the other treatments showed this trend. In non-polluted soil the number of 
hydrocarbon degraders remained constant over the entire incubation period (Table 36). 
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8.3.3 CO2 evolution from polluted soil inoculated with T.harziallul1l 
(T22) 
Table 37: .Carbon dioxide evolution (C02ffiglkg/h dry weight soil) from soil 
polluted WIth petroleum crude oil at a rate of 200g/800g soil Wl'th d 'th t 
. I' , h ' an \\1 ou mo~u atJon ~~ T,?arzranum (T22). Soils were incubated for 4 weeks under 
optll~al condl.tlOns m laboratory (300±2°C, addition of N.P.K and 60% water 
holdmg capacIty of the soil) (n=4). 
(C02 mglh/kg dry weight soil) 
Time (week) 
Polluted Without polluted !\lean effect of 
T22 Without TI2 T22 Without T22 time 
0 0.01 0.00 0.00 0.01 0.01 
1 0.04 0.02 0.00 0.01 0.02 
2 0.06 0.05 0.01 0.03 0.04 
3 0.09 0.07 0.02 0.05 0.06 
4 0.13 0.10 0.03 0.08 0.08 
Polluted X T22 0.07 0.05 0.02 0.04 
Mean effect of pollution 0.06 0.03 
Mean effect of T22 0.04 0.04 
LSD at 0.05 for time 0.002 
LSD at 0.05 for polluted 0.002 
LSD at 0.05 for T22 0.002 
LSD at 0.05 for pollutedxT22 0.002 
LSD at 0.05 for interaction 0.005 
CO2 evolution increased significantly over time in all treatments (Table, 37). 
Pollution of soil with petroleum crude oil more than doubled CO2 evolution from 0.026 
to 0.057 CO2 mg/kg/h dw soil compared with CO2 evolved from non-polluted soil 
(Table 37). 
Inoculation of polluted soil with petroleum crude oil with T.har::.ianum (T22 
strain) significantly increased the respiration from 0.050 to 0.065 CO2 mglkglh dw 
(30% increases). The opposite trend was observed in non-polluted soil where T22 
inoculation resulted in a decrease of the respiration rate from 0.036 to 0.015 C02 
mglkg/h dw soil (58.33% decreases) compared to treatments without T22 (Table 37). 
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8.3.4 Biodegradation of some petroleum hydroca b ' II d ' r ons In po ute sod 
inoculated with T.harzianum(T22) 
Table 38: Effect of soil inoculation with T harzianum (T22) th b' d d' f h 'on e 10 egra atlOn 
o some, ydrocarbons based on st~ndard peak area in soil polluted with petroleum 
crude 011 at a rate of 200gl800g soIl. Treatments were incubated tor 4 w k d 
t ' I d't' 'I ee s un er op Ima con I Ions m aboratory (300±2°C addition of N K P d 60r7 hid" " ,an -IC water 
o mg capacity of the soil), Hydrocarbon concentrations were measured using 
GC-MS (n=4), 
(% Degradation) 
~ T22 Without T22 Mean effect of detected Detected compounds compounds 
C\3ILs (tridecane) 26.42 57.52 41.97 
C14 HaO (tetradecane) 78.48 58.21 68.35 
C1SHa2 (pentadecane) 81.51 59.28 70.40 
C16Ha4 (hexadecane) 67.43 49.68 58.56 
C17Hl6 (heptadecane) 79.60 61.60 70.60 
CUHlS (octadecane) 80.38 65.56 72.97 
C I9aO(nonadecane) 82.95 68.88 75.91 
C2oH42 (icosane) 46.99 72.53 59.76 
C21a4 (henicosane) 90.22 74.69 82.46 
C22a6 (docosane) 91.25 81.89 86.57 
Mean effect of T22 72.52 64.98 
LSD at 0.05 for T22 1.55 
LSD at 0.05 for detected compounds 3.46 
LSD at 0.05 for interaction 4.89 
Ten different compounds were detected (Table, 38). The detected compounds 
were tridecane, tetrad ecane , pentadecane, hexadecane, heptadecane, octadecane, 
nonadecane, icosane, henicosane and docosane. Inoculation of polluted soil with T22 
strain caused significant increase in the overall degradation over the 4 week period 
(72.5% degradation compared to 65.0 o/c degradation in the non-inoculated control; a 
7.5 % increase). In soil inoculated with T.harzianum (T22), the compound docasane 
(C22~6) showed the greatest percentage degradation, while tridecane (C13H2X) was the 
least degraded. In non-inoculated soil docasane (C22~6) also showed the highest rate of 
degradation and hexadecane (C I6H34) was the least degraded. 
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8.4 Discussion 
In general the study showed that most of the total bacterial and total hydrocarbon 
degrader population in the treatments increased as the time of incubation period 
increased reaching its maximum on the 4th week. These results are in line with those of 
Amadi and Odu (1993) who reported a gradual increase in microbial numbers followin a 
c 
the application of petroleum hydrocarbon to soil under optimal conditions for microbial 
growth. T22 inoculation into non-polluted soil resulted in a slight decrease in the 
bacterial counts. As reported by Harman (2006) the T22 strain of T.harzianum is known 
to antagonize several microorganisms in-vitro and in soil due to production of 
antibiotics. It is possible that this has led to the observed effects. 
This study shows that pollution of soil with petroleum crude oil more than 
doubled CO2 evolution as compared to that in non-polluted soil control. CO2 is the final 
product of the oxidation of the carbonaceaus compounds in soil. The soil used in this 
experiment contained very little natural organic matter. It must therefore be assumed 
that this increase in CO2 evolution is mainly contributed by the degradation of 
hydrocarbons. Namkoong et ai. (2002) verified that degradation of total petroleum 
hydrocarbon was related to microbial respiration. On the other hand, Franco et al. 
(2004) reported that contamination with crude oil caused a variable increase in the 
cumulative CO2 emissions, this increase was not only due to the mineralization of crude 
oil components, but included the stress response of soil microbial biomass to 
contamination. Inoculation of petroleum polluted soil with T.harzianum T22 
significantly increased the respiration rate by 309c. These results are in line with the 
work of Ezzi (200 I) and Harman et al. (2004). They stated that Trichodenna spp. have 
a wide range of metabolic activities that could be used in the bioremediation of 
pollutants. The fungus also physically absorbed >80lff of added anthracene (Ermisch et 
ai., 1990) and can tolerate pyrene and phenanthrene (da Silva et al., 2003). It is 
therefore possible that the fungus itself played a direct role in the degradation of several 
of the hydrocarbons present in crude oil. 
The analysis of crude oil hydrocarbons by GC/MS is a powerful measurement to 
evaluate oil biodegradation. The present data detected ten different degradable 
compounds in petroleum polluted soil, i.e., tridecane, tetradecane. pentadecane. 
hexadecane, octadecane, nonadecane, icosane, henicosane and docosane. Inoculation 
with T22 strain caused an increase in the degradation percentage of some of the detected 
compounds but a decrease in degradation of others. This suggests agam 
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that 
Trichodenna metabolises some compounds more effectively than others. Combined 
with the observation that Trichodenna reduced the population of indigenous 
hydrocarbon degraders, this might explain that some compounds which the fungus did 
not degrade accumulated in the Trichodenna inoculated treatments. 
The results presented here show that the bioremediation of soil that is polluted 
with petroleum hydrocarbon can be enhanced by treating the polluted soil \vith 
T.harzianum strain T22. 
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CIIA.PTER. ~I~E 
Enhancing bioremediation of petroleum crude oil in arid soils using 
polyethylene cover and hydrogel 
9.1 Introduction 
Studies have shown that several agro-technical methods including. cover with 
polyethylene sheets, watering, addition of hydrophilic polymers (hydrogels) and mineral 
fertilizers can be used to increase microbial activity and therefore could facilitate the 
oxidation of easily degradable petroleum components (Rhykerd et al., 1999; Marin et 
ai., 2005; Kogbara, 2008). 
The soil is a key component of natural ecosystems because environmental 
sustainability depends largely on optimal functioning soil ecosystem (Adriano et al., 
1998). When soil is polluted with petroleum crude oil, the ecosystem is altered, and 
microbial activities are affected partly as a result of impeded oxygen exchange between 
soil and atmosphere due to hydrophobic properties of oil (Atlas, 1977). The fate and 
effects of spilled crude oil and petroleum products in soils have already been the subject 
of several studies (Atlas, 1977; Walworth and Reynolds. 1995). Soils contaminated by 
crude oil spills in Kuwait, during the Gulf War. have been classified as slightly polluted 
when contaminated with up to 3% crude oil and heavily polluted if polluted with 6\7c to 
8% crude oil (AI-Awadhi et ai., 1996). 
Remediation of petroleum-contaminated systems could be achieved by either 
physicochemical or biological methods. Soil moisture. i.e., water is an essential 
component for microorganisms and therefore biodegradation of petroleum oil requires 
water for microbial growth. Besides its inherent importance for microbial activity. 
water also allows diffusion of nutrients and waste by-products (Hoeppel and Hinchee, 
1994). Dibble and Bartha (1979) demonstrated that biodegradation of an oily sludge 
within a sandy loam soil was enhanced when the soil water content ranged from 20-8or~ 
of its water holding capacity. Stegmenn (1994) found that the optimal biodegradation of 
diesel fuel occurred at a moisture content of 60% of field capacity. 
A great number of reports deal with the response of soil moisture to plastic cover. 
Asano et al. (1981) reported that covering the surface of the soil with polyethylene film 
resulted in a reduction of 25-30% of the water requirement of crops. HanaJa (1991 ) 
reported that cover with transparent plastic has a number of effects: it increased the soil 
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temperature, can preserve soil moisture, affect soil texture and fertility. and can lead to 
more effective control of weeds, pests and diseases. Covering (soil cover with 
polyethylene) may prove beneficial for plant growth through modifying soil 
temperature, reducing evaporation, a reduction in weed competition, less soil 
compaction and reduced erosion. 
Considerable attention has been paid in the last few decades to using synthesized 
soil conditioners to promote plant growth in sandy soils. Among these conditioners are 
super absorbent materials, i.e., hydrogel (EI-Hady, 1987). Hydrophilic polymers 
(hydrogels) can alter soil properties, since they often absorb many times their weight of 
water. Hydrogels influence water infiltration rates, soil density and structure (Helalia 
and Letey, 1988) and evaporation rates (Tayel and El-Hady, 1981). The addition of 
hydrogel to a sandy soil changed the water holding capacity to be comparable to silty 
clay or loamy soil (Huttermann et al., 1990). Furthermore, hydrogel addition improved 
water storage properties of porous soils and resulted in the delay and onset of permanent 
wilting when subjected to intense evaporation (Akhter et al.. 2004). Because 
polyethylene cover and addition of hydrogel stimulate biological activity in soil this 
study investigated if these measures could lead to enhanced bioremediation of soils that 
were heavily polluted with crude oil. 
9.2 Materials and Methods 
To determine the effect of polyethylene plastic cover and hydrogel treated soil, the 
total water holding capacity (60%) of the wet soil was determined on a basis of oven dry 
weight at 105°C for 24h. Non-polluted and soil polluted with petroleum at a rate of 
75glkg soil were mixed thoroughly before being placed in 30cm diam. plastic pots as 
mentioned before. The following treatments were established, each replicated .+ times: 
1. Non-Polluted soil 
2. Crude oil polluted soil 
3. Non-polluted soil covered with polyethylene 
4. Polluted soil covered with polyethylene 
5. Non-polluted soil amended with hydrogel (2g1kg) 
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6. Polluted soil amended with hydrogel (2 g/kg) 
7. Non-polluted soil covered with polyethylene and amended with hydrogel 
8. Polluted soil covered with polyethylene and amended with hydrogel 
Pots were placed in a completely randomized design in a greenhouse at 
a constant temperature of 30°C. Pots were weighted every day over a period of 6 weeks 
to determine water loss. Soil samples were also taken weekly to determine CO
2 
evolution, and hydrocarbon degradation was quantified using GCIMS after -l and 6 
weeks. 
9.3 Results 
9.3.1 Effect of covering soil with polyethylene and amendment of 
hydrogel on water loss 
Table 39: Percentage water loss of saturated sand soil contaminated with 
petroleum crude oil (75 g/kg soil). Treatments including covering soil with white 
polyethylene and amendment with 2g1kg hydrogel, were compared during a 6 week 
incubation period in greenhouse at 30o±2°C (n=4). 
(Water loss %) 
PolJuted Non polluted 
Mean Cover Non Cover Non effect Time (week) 
+ Hydro- + Hydro- of time Cover Cover gel Hydro- gel 
treated Hydro- treated 
-.&el I:cl 
1 1.11 3.11 6.89 8.25 0.05 0.11 5.28 8.57 4.17 
2 1.36 3.35 8.33 9.02 0.16 0.25 7.73 10.05 5.03 
3 1.56 3.57 8.84 9.45 0.45 0.50 9.25 10.73 5.54 
4 1.75 3.69 9.21 9.83 0.61 0.72 10.35 11.50 5.96 
5 1.93 3.91 9.58 10.28 0.88 0.99 11.01 11.84 6.30 
6 2.17 4.00 9.77 10.50 1.11 1.22 11.45 11.95 6.52 
Polluted x treatments 1.65 3.61 8.77 9.56 0.54 0.63 9.18 10.77 
Mean effect of polluted 5.89 5.28 
Mean effect of treatments 10.16 I 2.12 1 8.97 [1.09 
LSD at 0.05 for time 0.62 
LSD at 0.05 for polluted 0.36 
LSD at 0.05 for treatments 0.51 
LSD at 0.05 for polluted x treatments 0.71 
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Percentage water loss in polluted soil was between 8.25 and 10.50llc Iweek and 
between 8.56 and 11.95%1 week in non-polluted soil (Table 39). Data also showed that 
at all sampling times water loss from covered soil was 2.5 times lower in polluted soil 
and ten to twenty times lower in non polluted soil compared to non-covered soil. 
Application of hydrogel, as a soil treatment only, slightly decreased the percentage of 
water loss by an average of around 10% compared to the non-amended control. Soil 
with polyethylene cover and hydrogel showed the greatest decrease of the percentage of 
water loss in polluted and non-polluted soil. The application of both polyethylene coyer 
and hydrogel to polluted and non-polluted soil significantly decreased the percentage 
water loss from 9.55 to 1.64%/week (a six fold decrease) in the polluted soil and from 
10.77 to 0.54%/week (a 20 fold decrease) in the non-polluted soil. 
9.3.2 Effect of covering soil with polyethylene and amendment of 
hydrogel on CO2 evolution from polluted and non-polluted soil. 
Table 40: Carbon dioxide evolution from soil polluted with petroleum crude oil at 
a rate of 75g/kg soil when covered with polyethylene and/or amended with 
hydrogel at a rate of 2 g/kg soil during 4 week incubation at 30o±2°C (n=4). 
(C02mglh/kg dry weight soil) 
_ .. 
.-
Polluted Non polluted 
I\lean 
Cover Hydro- Non Cover + Hydro- !lion ElTect Time (week) gel gel Of + Cover Cover 
Hydro- Hydro-
treated time treated gel gel 
0 0.03 0.06 0.03 0.03 0.03 0.03 0.02 0.02 0.03 
1 0.09 0.07 0.07 0.05 0.10 0.08 0.08 0.05 0.07 
2 0.11 0.10 0.09 0.07 0.13 0.11 0.11 0.08 0.10 
3 0.13 0.11 0.12 0.09 0.16 0.13 0.13 0.10 0.12 
4 0.14 0.13 0.13 0.10 0.17 0.15 0.15 0.12 0.J.t 
Polluted x treatments 0.10 0.09 0.09 0.07 0.12 0.10 0.10 0.07 
Mean effect of polluted 0.09 0.095 
Mean effect of treatments 0.07 1 0.10 0.09 0.11 
LSD at 0.05 for time 0.01 
--1 
LSD at 0.05 for polluted 0.004 
LSD at 0.05 for treatments 0.004 
LSD at 0.05 for polluted x treatments N.S 
The rate of C02 evolution in petroleum polluted soil that was covered with 
. I· h ·n Table'+O The respiration rate polyethylene cover or amended WIth hydroge IS s own I . 
was initially low but increased over the incubation period. Application of polyethylene 
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cover and hydrogel alone in polluted soil increased CO2 evolution from 0.066 to 0.093 
CO2 mglkg/h dw soil (41 % increases) and from 0.066 to 0.088 mg CO:/kglh dw (33((-
increases), respectively. The same trend was also observed in non-polluted soil. A 
combination of polyethylene cover and hydrogel significantly increased CO
2 
evolution 
by around 50% in both polluted and non-polluted soil compared with the corresponding 
non-treated controls (Table 40). 
9.3.3 Effect of covering soil with polyethylene and amendment of 
hydrogel on the biodegradation of some hydrocarbons in soil 
Table 41: Effect of white polyethylene cover and hydrogel on the biodegradation of 
hydrocarbons. Assessments are based on standard peak area of the selected 
hydrocarbons in soil that was initially polluted with crude oil at a rate of 75 g/kg 
soil. GC-MS measurements were taken after 4 and 6 weeks from soil that was 
incubated at 30o±2°C (n=4). 
(Degradation %) 
Cover+ H..1d~el Cover Hvdrt!Kel Non treated ~ Week Week Week Week Week Week Week Week 4 6 4 6 4 6 4 6 Detected compounds 
Cul:lu; (dodecane) 55.08 90.34 52.89 97.56 81.13 73.25 42.93 38.74 
C\JH28 (tridecane) 98.08 98.14 39.23 98.30 71.08 76.20 28.60 54.35 
C14H JO (tetradecane) 97.69 98.43 97.19 99.17 75.00 81.59 58.18 76.32 
C.sH32 (pentadecane) 98.89 99.60 96.61 94.97 66.47 71.93 35.45 54.44 
C.JI34 (hexadecane) 99.21 99.69 97.78 95.88 77.97 73.45 36.33 82.33 
C.7H~heptadecan~ 99.13 99.73 93.56 91.87 84.66 70.04 48.39 37.02 
Treatments x time 91.35 97.66 79.55 96.29 76.05 74.41 41.64 57.20 
Mean effect of treatments 94.50 87.92 75.23 49.42 
Mean effect of time 72.15 81.39 
LSD at 0.05 for treatments 5.023 
LSD at 0.05 for time 3.56 
LSD at 0.05 for detected compounds 6.16 
LSD at 0.05 for treatments x time 7.11 
LSD at 0.05 for interaction 17.41 
Generally, percentage degradation of selected hydrocarbons 
significantly over the course of the experiment. 
Mean 
effect of 
detected 
com~und 
66.49 
70.50 
85.45 
77.30 
82.83 
78.05 
increased 
Covering polluted soil with polyethylene significantly increased degradation of the 
hydrocarbons from 49.4% (in the non-treated soil) to 87.99C (38.5 clc increases). Also, 
application of hydrogel to soil significantly increased the degradation of hydrocarbons 
by 52.2% compared with the non-treated soil. Combination of polyethylene coyer and 
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hydrogel was the best treatment resulting in a 91 ') C1 ill h d b 
' .~ I( crease III Y' rocar on 
degradation compared with the non-treated control. 
9.4 Discussion 
The objective of this experiment was to study if methods aimed at preserYing the 
water content in soil could enhance microbial hydrocarbon degradation significantly. 
9.4.1. Effect of polyethylene cover and hydrogel on water loss 
It was shown that the water loss under polyethylene cover was reduced by 
62.3% in polluted soil and by 94.1 % in non polluted soil compared to non-covered soil. 
As reported by Hoepel and Hinchee (1994) soil moisture is essential for microbial 
activity, including microbial activity that leads to the oxidation of hydrocarbons. The 
results of moisture retention are therefore in agreement with previous reports on the 
beneficial effect of polyethylene cover through its effectiveness on conservation of soil 
moisture as reported by Waggoner et ai. (1960); Asano et al. (1981); Hanada (1991) 
and Mahajan et ai. (2007). Interestingly in our experiment water conservation was 
better in non-polluted soil than in polluted soil. It is likely that polluted soil was more 
hydrophobic resulting in the added water not being able to penetrate into the finer soil 
pores. The water in larger soil pores would be more prone to drainage and evaporation. 
Application of hydrogel also decreased water loss by an average of 8.27r in 
polluted soil and by 14.8% in non polluted soil compared to non-amended bare soil. 
Many studies related to application of hydrogels in horticulture have been reported 
(Wang and Gregg, 1990; Akhter et ai., 2004; El-Hady et ai., 2006) and we have shown 
here that its use in bioremediation seems highly effective. 
The present study also indicated that covering of soil with polyethylene was more 
effective in reducing water loss from soil than hydrogel which may be due to the limited 
ability of hydrogel to absorb water. However, application of a combination of 
polyethylene cover and hydrogel decreased water loss most and would encourage 
microbial activity the most. This suggests the bioremediation of polluted soil can be 
carried out by treating the soil with polyethylene cover in combination with hydrogel. 
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9.4.2. Effect of polyethylene cover and hydrogel on CO2 respiration 
Application of both polluted and non polluted soil with polyethylene cover in 
combination with hydrogel significantly increased CO2 evolution by 48.5 and 56.8S'( 
respectively, compared with non-treated soil. As mentioned before the amendment with 
hydrogel in combination with polyethylene cover improves moisture availability and 
this most likely provided the indigenous microorganisms with available water for 
growth and respiration (Akhter et al., 2004). 
Amendment with hydrogel and polyethylene cover resulted in soil conditions that 
stimulated the growth and activity of hydrocarbon degrading microorganisms and since 
hydrocarbons were the most common carbon sources in the soil it can be assumed that 
the CO2 evolved was the end product of hydrocarbon degradation. 
9.4.3. Effect of polyethylene cover and hydrogel on the percentage 
degradation of detected compounds 
Six different degradable compounds in petroleum polluted soil were quantified 
1.e., dodecane, tridecane, tetradecane, pentadecane, hexadecane, and heptadecane. 
Dodecane and tridecane are more likely to volatilize from soil as they are lighter than 
pentadecane, hexadecane and heptadecane. 
Oil polluted soil covered with polyethylene and/or amended with hydrogel 
significantly increased degradation of these compounds. The highest percentage 
degradation was recorded in polluted soil with the combination of polyethylene and 
hydrogel which most probably resulted in more conductive conditions for hydrocarbon 
degradation in terms of available water that could be used by hydrocarbon degrading 
microorganisms. This was indicated by high microbial counts. This suggests the fastest 
bioremediation of polluted desert soil can be achieved by treating the petroleum 
polluted soil with polyethylene cover in combination with applications of hydrogel. 
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C~PTER..TE~ 
Efficacy of Trichoderma harzianum (T22) inoculation, hydrogel and 
polyethylene cover on the biodegradation of petroleum crude oil in 
field trials 
10.1 Introduction 
Bioremediation of polluted soil is increasingly recognized as a treatment 
technology for polluted soils (Wang and Bartha, 1990). In order to improve the natural 
tendency of soil microorganisms to decompose hydrocarbons, many techniques have 
been proposed and tested including mineral fertilization (Kogbara, 2008) and organic 
amendments (investigated by Franco et ai., 2004). They also studied the effect of 
glucose and maize compost on crude oil degradation. Sims and Sims (1999) proposed 
many techniques of land farming to improve the natural tendency of soil microorganisms 
to decompose hydrocarbons and tested mineral fertilization, organic amendments, 
cropping systems, etc. 
The application of hydro gels is an important practice to assist seedling growth and 
establishment, by increasing the water holding capacity of soils and regulating the plant 
available water supplies, particularly under arid conditions (Akhter et at., 200.+). 
Synthetic polymers in the form of crystals or tiny beads available under trade names 
such as super absorbent polymers, root watering crystals and drought crystals are 
collectively known as hydrogels. They have enormous capacity to absorb water and 
make it available to plants over an extended period of time. Many studies related to the 
application of hydrogels in horticulture have been reported (Wang and Gregg, 1990; 
Akhter et at., 2004). 
Heavy crude oil has higher reSIn and asphaltine than light crude oil, these 
compounds do not biodegrade easily and remain in soil for many years (Walker et at., 
1976). On the other hand, some gaseous and volatile hydrocarbons are often toxic to 
biological systems in soil (Atlas, 1975). Shahriari et al. (2007) showed that the 
germination, number of leaves and total dry biomass of alfalfa plants decreased by 
increasing light crude oil concentrations in soil. 
The existence of bacteria within an extremely broad range of environmental 
conditions coupled with the ability of certain species of hydrocarbon-utilizing bacteria 
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to degrade petroleum in contaminated soils, when given the right metabolic feedstock to 
stimulate their growth and multiplications, have been previously reported (Huy et al .. 
1999 ; Okerentugba and Ezeronye, 2003). 
Exposure to petroleum oil causes changes in the populations and activity of the 
microbial community (Braddock and Richter, 1998). Hydrocarbon contamination can 
also lead to an increase in populations of microorganisms that utilize the intermediate 
products of hydrocarbon metabolism (Bartha and Atlas. 1987). These authors also found 
that increases in microbial popUlations after hydrocarbon contamination can be found in 
different environments including soils and marine sediments. 
Phytoremediation as a means of cleaning up petroleum polluted soil has gained 
popularity during the last decade due its convenience and low costs of installation and 
maintenance. When the target pollutant is biodegradable, this technology exploits the 
stimulating effect that roots have on microbial processes and physical/chemical 
modifications in the rhizosphere that result from the release of root exudates (Oner and 
Eyval, 2003). 
Recently, more hazardous wastes have been treated usmg phytoremediation 
(Cunningham et ai., 1996; Hutchinson et al., 2001; Tischer and Hubner, 2002). The 
presence of plant roots and increased microbial popUlations significantly improved both 
the physical structure of the soil and hydrocarbon degradation (Tischer and Huener, 
2002). 
Udo and Fayemi (1975) demonstrated that hydrocarbon additions to the soil at a 
rate of 10.6% (w/w) impeded germination of maize plants. In fact these authors 
observed a reduction in plant growth at hydrocarbon concentrations as law as 1 C;(. This 
poor plant growth was attributed to the exclusion of air from the soil due to the 
contaminants interfering with soil/water relationships, and also to the depletion of 
oxygen resulting from the microbial degradation of the contaminants (Gunderson. 
2006). 
The effect of soil cover with plastic film on the concentration and form of N in 
soil has been studied because of the importance of this nutrient for plant growth. While 
studying the effect of mulching on populations of nitrogen fixing bacteria. Linke et al. 
(1991) observed that levels of nitrate (N03) in covered soil were lower than tho..,c in 
non-covered soil during the rapid growth stage of legumes. The difference was 
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attributed to accelerated N consumption by plants growing with enhanced VIgor III 
covered soil (Hasing, 2002). 
Here we look at a combination of treatments including inoculation of plants with 
Trichodenna harzianum (T22) as well as polyethylene cover and amendment with 
hydrogel on the degradation of crude oil applied to small desert field I t po s. 
10.2 Materials and Methods 
During 2007, a completely randomized field experiment with three replications 
for each treatment was conducted on a sandy soil at the Faculty of Science farm, King 
Abdel-Aziz University, Jeddah, Saudi Arabia as follows: 
The area under study was divided into two plots and every plot was divided into .3 
rows (lm in length 0.30 m width and 30 em depth). One plot was the control 
(unpolluted plot), the other plot was polluted with petroleum crude oil by mixing 7') g 
crude oil /kg soil up to a depth of 30 cm. After 10 days, soil of three rows in the polluted 
and non polluted plots were inoculated with T.har-;.ianum (T22) or treated with hydrogel 
at 2g/kg soil at a depth 30cm then covered with white polyethylene cover (El-Hady ct 
aI., 2008). Soil moisture was measured using a laboratory cabinet dryer at 105"C to 
remove residual water. The normal rate of sowing used for pure sands was 25 kg maize 
seeds per hectare. Chemical fertilizers were added to the soil before sowing, ammonium 
nitrate, calcium super phosphate and potassium sulphate at the rate of 22.5, 15.0 and 7.5 
g/plot, respectively, as mentioned before. 
Germination and biomass: the percentage germination and plant height (em/plant) 
were determined 2, 4, 6 and 8 weeks after planting. Also, plant biomass was measured. 
Roots and shoots were measured separately, dried at 80°C and expressed as dry weight 
(g/plant). 
Enumeration of microorganisms: changes in microbial nutrients in the rhizosphere of 
maize plant were monitored using spread plating for total bacterial counts and a most 
probable number (mpn) technique for total hydrocarbon degraders as described before. 
Soil respiration measurements: in-vitro respiration rates of soil sample were 
determined by measuring carbon dioxide evolution rates in biometric flasks according 
to the procedure of Rowell (1994) as described before. 
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GelMS analyses: a Shimadzu, 17 A, QP5000 mass selective detector and senes 
capillary column gas chromatography mass spectrophotometer was used to measure 
total petroleum hydrocarbons as described before. Separate GCIMS runs were 
performed for the alkanes (Sadler and Connell, 2003). 
Statistical analysis: collected data were analyzed using analysis of variance according 
to Snedecor and Chochran (1982) and the LSD at p < 0.05 was determined according to 
Walter and Duncan (1969) 
10.3 Results 
10.3.1 Effect of inoculation with T.harzianum (T22), hydrogel and 
polyethylene cover on growth of maize 
Table 42: Effect of inoculation with T.harzianum (T22), hydrogel and white 
polyethylene cover on germination rate and plant growth of maize plants grown in 
non-polluted sandy soil and soil polluted with petroleum crude oil at a rate of 
7Sg/kg soil for 8 weeks. Plants were watered according to need (n=3). 
a) Seed germination %: 
Polluted Non poUuted Mean 
Time (week) Non T22 T22+Hydrogei Non T22 T22+Hydrogel effect 
treated +Cover treated +Cover ortime 
2 63.00 63.00 72.00 70.00 70.00 81.00 70.00 
4 68.00 68.00 63.00 7.t.lH) 74.00 70.00 70.00 
6 63.00 72.00 68.00 70.00 81.00 74.00 71.00 
8 68.00 63.00 72.00 74.00 70.00 81.00 71.00 
PollutedxTreatments 66.00 66.00 68.00 72.00 74.00 77.00 
Mean effect of polluted 67.00 74.00 
Mean effect of treatments 68.92 70.00 73.00 
LSD at 0.05 for time 0.60 LSD at 0.05 for pollutedxTreatment, 0.74 
LSD at 0.05 for polluted 0.43 LSD at 0.05 for interaction 0.74 
LSD at 0.05 for treatments 0.52 
b) Plant height (em/plant): 
Polluted Non polluted Mean Plant height rate 
Non T22 T22+Hydrogel Non T22 T22 effect cml2 week 
Time (week) +Hydrogel 
treated +Cover Treated +Cover Of Non 
time Polluted ~Iuted 
2 7.40 8.60 11.00 12.60 12.80 15.40 II.JO 9.00 13.60 
4 24.30 37.90 43.80 43.40 53.00 63.10 ~.20 26.30 39.60 
6 44.90 74.50 88.00 108.40 118.70 132.10 9.t.40 33.80 66.60 
8 66.40 106.30 124.60 134.80 148.20 194.70 129.20 30.00 3950 
PollutedxTreatments 35.80 56.80 66.90 74.80 83.20 101.30 24.80 JIJXO 
Mean effect of polluted 53.20 86.40 
Mean effect of treatments 55.30 70.00 84.10 I 
LSD at 0.05 for 
LSD at 0.05 for time 1.70 pollutedxTreatmenL. 2.10 11 41 
LSD at 0.05 for 
[ SAO 1.20 interaction 4.20 LSD at 0.05 fo~olluted 
LSD at 0.05 for treatmenL, 1150 '\s 
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c) Shoot biomass dry weight (g/plant): 
Polluted Non poUuted 
Time Non Mean Weight rate gl2 week 
(week) T22 T22+Hydrogel Non T22 effect (Shoot) 
treated +Cover treated T22 +Hydrogel ortime 
2 0.00 0.00 
+Cover Polluted !'Oon polluted 
0.10 0.00 0.10 0.10 0.10 0.10 0.10 
4 0.10 0.20 0.60 0.30 0.30 1.10 0.40 0.20 
6 0.60 1.60 5.80 3.40 4.20 
0.50 
10.40 4.30 2.30 5.40 
8 10.20 14.70 20.40 18.300 34.00 43.00 23.40 12.40 25.80 
Poll utedxTreatments 2.70 I 4.10 I 6.70 5.50 9.6 13.60 3.80 7.94 
Mean effect of 
polluted 4.50 9.60 
Mean effect of 
4.10 I 6.90 110.20 treatments 
LSD at 0.05 for 
time 0.40 LSD at 0.05 for pollutedxTreatmenb 0.50 4.60 
LSD at 0.05 for 
polluted 0.30 LSD at 0.05 for interaction 1.00 3.30 
LSD at 0.05 for 
treatments 0.40 6.60 
d) Root biomass dry weight (g/plant): 
Polluted Non polluted 
Time Mean 
Weight rate f!l2 week 
(week) Non T22+Hydrogel Non T22+ effect 
(Root) 
Tn treated +Cover treated TZ2 Hydrogel of time 
+CO\l'r Polluted Non polluted 
2 0.00 (UlII 0.00 0.00 11.00 11.10 0.00 0.00 0.00 
4 0.00 (1.I 0 0.50 0.20 0.50 0.60 0.30 O.lO 0.40 
6 0.20 0.30 1.30 1.10 1.70 2.40 1.20 0.40 1.30 
8 1.70 2.50 9.80 4.00 12.50 15.80 7.70 4.10 9.10 
Pollutedx 
Treatments 0.50 0.70 2.90 1.30 3.70 4.70 1.20 2.70 
Mean effect of 
polluted 1.40 3.20 
Mean effect of 
13.80 I treatments 0.90 2.20 
LSD at 0.05 for 
time 0.60 LSD at 0.05 for pollutedxTreatments 0.70 2.'10 
LSD at 0.05 for 
polluted 0.40 LSD at 0.05 for interaction lAO I\;S 
LSD at 0.05 for I treatments 0.50 "'s 
Petroleum crude oil contamination reduced maize germination significantly (P < 
0.05) from 74 to 67% (7% decrease) (Table, 42a). Inoculation with T22 in petroleum-
polluted soil did not significantly improve, while in non-polluted soil, T22 inoculation 
slightly increased maize germination from 72 to 74% (2 % increase). 
Treatment of polluted soil with T22 and a combination of white polyethylene 
cover and hydrogel significantly enhanced (P < 0.05) seed germination from 66 to 680( 
(2% increase). The same trend was obtained in the non-polluted soil where seed 
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germination increased from 72 to 77 (5% increase) compared with the non-treated 
control (Table, 42a). 
Data presented in Table 42b show that maize plants growing in untreated, non-
polluted soil were more than twice as high as plants that grew in polluted soil. In 
polluted soil treated with T22 plants were 59% higher compared with the plants grown 
in non-inoculated soil. Treatment of polluted soil with T22 in combination with 
polyethylene and hydrogel increased plant height from 35.8 to 66.9 em (P < 0.05) 
compared to the controls. The same trends were also obtained in non-polluted soil, 
where plants were 11 % higher in the T22 inoculated treatment and 35 % higher when 
treated with a combination of T22, hydrogel and polyethylene cover (P < 0.05). Growth 
rates of maize plants growing in polluted soil was 4.5 em/week during the first '2 weeks 
of the experiment which increased to 15 cm/week at the end of the experiment. In non-
polluted soil the growth rate was 6.8 cm/week during the first two weeks of growth and 
19.8 cm/week at the end of the experiment. 
Similar results were obtained for shoot weights which were twice as large in non-
polluted soil compared with polluted soil (Table 42c). Overall shoot weights of maize 
plants growing in polluted soil were twice as low as compared to plants grown in non-
polluted soil. In polluted soil, inoculation with T22 increased shoot weight from 2.7 to 
4.1 g/plant (52% increase; P < 0.05) compared with the non-treated control. 
Treatment of polluted and non-polluted soils with the combination of T22 + white 
polyethylene cover + hydrogel increased shoot dry weight 2.5 fold (P < 0.05) compared 
with plants grown in the non-treated controls (Table 42c). 
In non-polluted soil, T22 inoculation alone increased the shoot weight by 75o/c 
compared with the non-treated control. Comparing the effect of T22 inoculation alone 
or in combination with white polyethylene cover and hydrogeL data in Table ..l2c 
showed that soil treated with the combination treatment increased shoot dry weight 
biomass by 63% in polluted soil and by 41.7O/c in the non-polluted soil compared to the 
T22 inoculation treatment alone. 
Similar to plant height and shoot dry weight, the root weights were also affected 
by petroleum crude oil pollution. Overall, root weights were 2.3 times greater in non-
polluted soil than in polluted soil (Table 42d). Inoculation of polluted soil with T22 
resulted in roots that were 40% heavier than those from plants grown in the non-treated 
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control treatments. In polluted soil the combination of T22 + hydrogel + polyethylene 
cover resulted in root systems that were more than 6 times heavier than root systems of 
plants that grew in the non-treated control treatment. In non-polluted soil. T22 
inoculation alone resulted in root systems that were 2.8 times heavier than those of 
plants that grew in the non-treated control. T22 inoculation in combination with 
hydrogel and white polyethylene cover resulted in root systems that were 3.6 times 
heavier than those of plants that grew in the non-treated control soil. (Table, -1-2d). 
In polluted soil, the combination T22 + hydrogel + polyethylene cover resulted in 
root systems that were four times heavier than those inoculated with T22 only. In non-
polluted soil the same treatment (T22 + hydrogel + polyethylene cover) resulted in root 
systems that were 27% heavier than root systems inoculated with T22 only. 
10.3.2 Effect of inoculation with T.harzianum (T22), hydrogel and 
polyethylene cover on total bacterial counts 
Table 43: Effect of inoculation ( at rate of 19!kg maize seeds) with T.harzianum 
(T22), hydrogel and polyethylene cover on the bacterial counts (log cfulg dry soil) 
in soil polluted with petroleum crude oil at a rate of 7Sg/kg soil during a 8 week 
period from sowing. Plants were watered regularly according to need. Microbial 
popUlations were enumerated by dilution plating on soil extract agar incubated at 
30o±2°C (n=3). 
(Log cfu /g dry weight soil) 
Polluted Non Polluted Mean 
Time (week) T22+Hydrogel+ Effect Without T22+Hydrogel+ Without 
T22 T22 of time T22 Cover T22 Cover 
2 5.00 5.52 5.63 6.33 6.43 6.57 5.91 
4 5.51 5.68 5.58 7.28 7.39 7.45 6.48 
- --~--
6 6.53 6.55 6.58 7.31 7.50 7.63 7.02 
8 7.21 7.42 7.47 8.27 8.40 8.49 7.88 
Polluted x treatments 6.06 6.29 6.32 7.29 7.43 7St 
Mean effect of polluted 6.23 7.42 
Mean effect of treatments 6.68 6.86 6.92 
LSD at 0.05 for time 0.06 LSD at 0.05 for pollutedxtreatmenL~ 0.07 
~ 
LSD at 0.05 for polluted 0.04 LSD at 0.05 for interaction 0.13 
LSD at 0.05 for treatments 0.05 
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Total bacterial numbers in non-polluted soil were more than 15 times greater than 
In polluted soil (Table 43). Inoculation of soil polluted with petroleum with T. 
harizianum T22 significantly increased the total bacterial numbers from 6.06 to 6.29 log 
cfu/g dw soil (69.8% increase). T22 inoculation in combination with hydrogel and 
polyethylene cover resulted in a 82.0% increase in bacterial cfu compared with the non-
treated control (Table 43). 
In non-polluted soil inoculation with T22 resulted in a 389c increase in the total 
microbial counts compared with the non-treated control, while, T22 inoculation in 
combination with polyethylene cover and hydrogel resulted in a 789c increase in the 
total cfu numbers compared with the non-treated control (Table 43). 
10.3.3 Effect of inoculation with T.harzianum (T22), hydrogel and 
polyethylene cover on the total hydrocarbon degraders 
Table 44: Effect of inoculation ( at rate of 19lkg maize seeds) with T.harzianum 
(T22), hydrogel and cover with white polyethylene on the total number of 
hydrocarbons degraders (log mpnJ g dry soil) of soil polluted with petroleum crude 
oil at a rate of 7Sg/kg soil. Populations were monitored over an 8-week period 
after sowing. Plants were watered regularly according to need. Counts were 
measured in separate 96-well microtiter plate method on Bushnell-Hass medium 
incubated for 2 weeks at 300 ±2°C (n=3). 
(Log mpn /g dry weight soil) 
Polluted 1'0n poUuted Mean etTect of 
Time (Week) T22+Cover time Non T22+Cover 1'0n T22 
treated T22 +Hydrogel treated +IIydrogel 
0 4.10 4.29 4.37 4.43 4.50 4.66 4.39 
2 4.17 4.37 4.44 4.61 4.82 5.02 4.57 
4 4.30 4.46 4.66 4.83 4.95 5.19 4.73 
6 4.59 4.51 4.71 4.91 5.02 5.34 4.85 
8 4.99 4.74 4.96 5.20 5.13 5.41 5.07 
PoUuted x treatments 4.43 4.48 4.63 4.80 4.88 5.13 
Mean effect of polluted 4.51 4.94 
Mean effect of treatments 4.61 4.68 4.88 
LSD at 0.05 for ..£.oUuted 0.02 LSD at 0.05 for..£.olluted x treatment~ 0.04 
LSD at 0.05 for treatments 0.03 LSD at 0.05 for interaction 0.09 
LSD at 0.05 for time 0.04 
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Data in Table 44 show that T22 inoculation in combination with hydrogel and 
polyethylene cover significant increased the total hydrocarbon degraders further from 
4.428 to 4.626 log mpn/g dw (57.8% increases) compared with the non-treated control. 
However, in non-polluted soil inoculation of T22 alone had little effect on the number 
hydrocarbon degraders, but in combination with hydrogel and polyethylene cover the 
number of hydrocarbon degraders more than doubled compared with the non-treated 
control (Table 44). 
To evaluate the effect of T22 inoculation in combination with hydrogel and 
polyethylene cover, data showed that the total hydrocarbon degraders increased in 
petroleum polluted soil from 4.372 to 4.958 log mpn/g dw (285lJc increases) at mixing 
time and after 8 weeks of plant growth. 
10.3.4 Effect of inoculation with T.harzianum (T22), hydrogel and 
polyethylene cover on the CO2 evolution 
Table 45: Effect of inoculation ( at rate of 19/kg maize seeds) with T.harzianum 
(T22), hydrogel and covering with white polyethylene on carbon dioxide evolution 
from non-polluted soil and soil polluted with petroleum crude oil at a rate of 
75g/kg soil. CO2 evolution was monitored over an 8-week period (n=3). 
(C02 mg/hlkg dry weight soil) 
Polluted Non polluted 
Main effect 
Time (week) Non T22 T22+Hydrogel Non T2l T22+Hydrogel of time 
treated +Cover treated +Cover 
0 0.04 0.05 0.10 0.02 0.03 0.12 0.06 
2 0.07 0.10 0.12 0.10 0.16 0.18 0.12 
4 0.09 0.26 0.67 0.20 1.12 1.38 0.62 
6 0.19 1.06 1.47 0.88 1.56 1.73 1.15 
-
8 0.27 1.26 1.68 1.18 1.82 2.07 1.38 
Polluted x treatments 0.13 0.55 0.81 0.47 0.94 1.10 
Main effect of polluted 0.51 0.84 
Main effect of treatments 0.30 0.74 0.95 
LSD at 0.05 for time 0.03 LSD at 0.05 for polluted x Treatments 
0.03 
LSD at 0.05 for polluted 0.02 LSD at 0.05 for interaction 
0.07 
LSD at 0.05 for treatments 0.02 
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During the trial, CO2 evolution from polluted and non-polluted soil increased 22 
fold from 0.062 mglkglh dw at the start of the experiment to 1.380 mglkglh 8 weeks 
later (Table 45). Petroleum pollution resulted in a 3.6 fold reduction in CO
2 
evolution 
compared with non-polluted non-treated control. Inoculation of T22 in polluted soil 
resulted in a 4 times more CO2 evolution when compared with non-treated soil. In 
combination with hydrogel, polyethylene and T22 inoculation resulted in a 6 fold 
increase in CO2 evolution (Table 45). In non-polluted soil T22 inoculation resulted in a 
2 fold increase in C02 evolution, while in combination with hydrogel and polyethylene 
CO2 evolution was increased 2.3 fold (Table 45). 
10.3.5 Effect of inoculation with T.harzianum (T22), hydrogel and 
polyethylene cover on the biodegradation of some petroleum 
hydrocarbons in field soil 
Table 46: Effect of inoculation ( at rate of 19!kg maize seeds) with T.harziallum 
(T22), hydrogel and covered with white polyethylene on the biodegradation of 
some hydrocarbons in soil polluted with petroleum crude oil at a rate of 75g!kg 
soil. Hydrocarbons were monitored 4, 6 and 8 weeks after sowing using GC/MS 
(n=3). 
(% Degradation) 
~ Non treated T22 T22+hyd rogel+cover Mean effect Week Week Week of detected compounds Detected 4 6 8 4 6 8 4 6 8 compounds 
Cu H211 (tridecane) 97.99 98.36 99.29 97.41 97.90 98.61 96.50 99.63 99.69 98.38 
CI4H3tJ (tetradecane) 90.44 92.25 95.37 99.29 99.50 99.71 95.35 98.69 99.68 96.70 
C1sH32 97.96 98.44 99.29 91.92 97.05 99.04 97.88 99.4-1 99.76 97.86 (pentadecane) 
CI6H34 (hexadecane) 98.36 99.03 99.67 97.52 98.30 98.99 98.83 99.32 99.39 98.82 
C17H36 99.20 99.51 97.68 98.99 99.63 98.49 99.62 99.73 99.11 (h~tadecane) 99.13 
Treatmentsxtime 96.77 97.46 98.63 96.77 98.35 99.19 97.41 99.34 99.65 
Mean effect of 97.62 98.10 98.80 treatments 
Mean effect of time 96.98 98.38 99.16 
LSD at 0.05 for treatments 0.31 LSD at 0.05 for treatments x time 0.5-1 
LSD at 0.05 for time 0.31 LSD at 0.05 for interaction 1.21 
LSD at 0.05 for detected compounds 0.41 
At the time of the fIrst sampling most hydrocarbons had already been degraded and 
I (T bl '+6) In this experiment. the effect of only small increases occurred subsequent y a e . 
- 119 -
inoculation, hydrogel and cover were minimal, possibly as a result of the experiment 
being watered. 
10.4 Discussion 
This section described a practical approach for use of bioremediation in arid 
regions to clean up sites that are contaminated with petroleum hydrocarbons. 
Treatments included inoculation with T.harzianum (T22) to stimulate plant growth, 
covenng soil with polyethylene sheet to minimize evaporation of water and adding 
hydrogel to increase water retention. All these measures are aimed at stimulating 
microbial activity. 
It is clear from the present study that soil polluted with petroleum crude oil 
caused significant inhibition of seed germination and plant growth. There is not 
adequate information regarding the precise mechanisms affecting the reduction in 
germination rate. above ground biomass and shoot height resulting from petroleum 
contamination. However, there are several possible mechanism suggested by various 
authors. According to Henner et al. (1999) some volatile fractions with less than 3 rings 
are known to have severe inhibitory impact on germination of several plant species. 
Another, group of chemical compounds which are found abundantly in petroleum oil 
are polycyclic aromatic compound (P AHs) and these could have indirect secondary 
effects including disruption on plant-water-air relationships (Renault et al., 2000) while 
negatively affecting soil microorganisms. The toxic effect of petroleum crude oil may 
also be due to the crude oil making the soil hydrophobic (Li et al., 1996). 
The present study indicates that T22 inoculation provides a large degree of 
protection against the toxicity of petroleum crude oil. It could be shown that inoculation 
of T22 to polluted soil improved the germination of maize seeds and increased maize 
plant growth (plant height and shoot and root dry biomass weight). The reasons why 
Trichodenna protects plants against hydrocarbon toxicity are not clear. It is possible 
that T22 inoculation solubilized plant nutrients leading to increased plant growth 
(Harman et aI., 2004). Among the positive effects of T22 on maize that have been noted 
over the past 5 to 10 years in work conducted by Harman et al. (2004) on T.har:iallilm 
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include: enhanced nutrient uptake, enhanced nutrl'ent solubilization, increased root 
development. 
It could be shown that T22 when applied as a seed coating in combination with 
polyethylene cover and hydrogel significantly enhanced seed germination and plant 
growth compared to the non-treated control treatment. Many studies related to 
application of hydrogels in horticulture have been reported by Johnson (1984). Wang 
and Gregg (1990) and Akhter et al. (2004) reported that the application of hydrogel 
improved seedlings growth and establishment of barley, wheat and chickpea by 
increasing the water retention capacity of soil and regulating the plant available water 
supplies, particularly under arid conditions. 
In this experiment covering soil with polyethylene proved to be beneficial for 
crop growth by potentially lowerering soil temperatures and by reducing evaporation 
(Stapleton and De Yay 1984; EI Hady et al. 2006 : Mahajan et al 2007). This suggests 
the bioremediation of polluted soil can best be carried out by treating the soil with T22 
in combination with polyethylene cover and hydrogel. 
Inoculation with T22 alone or in combination with polyethylene cover and 
hydrogel had stimulatory effects on the total bacterial and total hydrocarbon degraders 
in petroleum polluted soil. It is possible that T.har~ianum T22 produces surfactants 
such as fatty acids, which increase the solubility of petroleum crude oil, making it more 
bioavailble to the bacteria and resulting in an increased the number of hydrocarbon-
degrading bacteria (Greensmith, 2005). Also hydrogel and soil cover with polyethylene 
positively improving plant growth and moisture availability, providing the 
microorganism with nutrients for growth and proliferation (Hasing, 2002; Akhter et aI., 
2004; EI-Hady et aI., 2006 ; Mahajan, 2007). 
The effect of T22 inoculation alone or in combination with polyethylene cover 
and hydrogel on C02 evolution showed the same trends as recorded for the number of 
total bacteria and total hydrocarbon degraders. T22 inoculation alone in polluted soil 
caused a four fold increase in C02 evolutionen, while T22 inoculated in combination 
with polyethylene cover and addition of hydrogel resulted in a six fold increase in CO2 
evolution compared with the non-treated control. 
One of the most important processes involved in the degradation of petroleum 
crude oil using maize plant in combination with T22 and the other two methods of 
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remediation is the interaction between plants and microorganisms in the rhizosphere. 
Plants can stimulate the growth and metabolism of soil microorganisms by providing 
root exudates, surfactants, enzymes, nutrients and oxygen which can result in more than 
100 fold increase in microbial counts (Macek et aI., 2000). Ferro et al. (1997) ; 
Greensmith (2005) suggested that plant exudates might serve as co-metabolites in 
enhancing the biodegradation of pyrene in the rhizosphere. 
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C~PTER. ELEV-EN 
General Discussion 
Many sites are contaminated with the toxic compounds found in petroleum 
crude. Petroleum hydrocarbons are persistent in soil because of their low water 
solubility. Because petroleum hydrocarbons are toxic, mutagenic and carcinogenic to 
humans and animals, their elimination from the environment is of paramount 
importance. Different chemical procedures, such as incineration and land filling, have 
been used extensively in the removal of petroleum hydrocarbons from contaminated 
soil. These procedures are expensive, time consuming and require disposable sites. 
Therefore, an alternative method that is less expensive and safe to use is required. One 
such method is phytoremediation, which is the use of plants in association with other 
factors, i.e., microbial inoculation, in combination with other soil treatments (soil 
conditioners and polyethylene cover), to enhance the degradation of organic 
contaminants and stimulate the removal of inorganic pollutants. 
The aim of this work was to device a remediation strategy for the arid desert 
soils in Saudi Arabia that was polluted with crude oil. The following strategy was 
adopted using maize plants as they are tolerant to petroleum oil, while able to grow 
under arid conditions. To enhance plant growth, Trichodenna T22 inoculation was 
used. 
The following experiments were conducted to quantify the effect of suitable 
environmental factors, i.e., soil water content, temperature and nutrition (NPK) on 
maize plant growth and microbial activity. some measured maintaining condition that 
allow bioremediation of oil polluted land to proceed in arid soil region was also 
designed. 
In this study, the petroleum crude oil taken from Saudi Aramco Company (2006) 
revealed the presence of micro and macro elements, different hydrocarbons and other 
organic and inorganic substances including sulphur, nitrogen and oxygen. Heptanes 
represented the greatest percentage of the hydrocarbons (93.S6l7c), followed by n-
Hexane. 
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The natural soil of Saudi Arabia consists mainly of sand with low percentages of 
silt and clay. To study the phytotoxicity of the crude oil, a sandy soil with no history of 
hydrocarbon contamination was used and analyzed for its main physical and chemical 
properties. The pH of the soil used was 7.8, and contained few nutrients. These factors 
not only meant that these soils supported limited plant growth, but also that microbial 
activity was low. 
An important factor in establishing plants in an oil-contaminated soil involves 
getting seeds to germinate. A good way of knowing whether the plant being considered 
is suitable for phytoremediation, is to assess if the seeds germinate successfully in 
contaminated soil (Cunningham et ai., 1996). Lack of germination may be due to the 
soil hydrophobicity, as the hydrophobicity significantly decreases soil water holding 
capacity (Li, et al., 1996). The slower rate of germination in the soil contaminated with 
petroleum crude oil may be a result of decreased oxygen or moisture availability to 
seeds. Data resulting from our study show that sunflower plants were relatively 
resistant to the toxicity effect of petroleum oil followed by maize and acacia plants. 
According to the results of the germination tests that were carried out, the germination 
of wheat and soybean in petroleum hydrocarbon-contaminated soil (0.34';(. w/w) was 
delayed compared to germination in non-contaminated control soil (Dibble and Barth 
1979). 
As expected, petroleum crude oil added to soil had an inhibitory effect on 
different microbial populations including bacteria and fungi. The percentage reduction 
for bacteria and fungi at 150 x 103 ppm crude oil was around lSO/C compared to the 
unpolluted control. Our results confirmed those of Ibrahim (1999), Wyszkowska and 
Kucharski,(2002); and Rabie (2004). Petroleum hydrocarbons may have also limited the 
accessibility of nutrients 3 by reducing the availability of water in which the nutrients 
were dissolved (Schwendinger. 1968). 
The growth of maize, sunflower, acacia, wheat and alfalfa plants in the presence 
of petroleum crude oil was monitored over the course of the experiment to test which 
plants were most tolerant to oil pollution. Our results showed that petroleum crude oil 
was toxic to all tested plants, depending on the level of petroleum pollution. but that 
maize was probably the most tolerant. 
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Plant numbers (plants/pot) were severely affected by crude '1 . 
01 concentratlOns 
between 10,000 and 75,000 ppm for all the plant species tested. The number of plants 
decreased as the petroleum concentrations increased l'n sOl'l d " 
, an no germmatlOn 
occurred at concentrations between 100,000 and 150,000 ppm in sunflower and al falfa 
and at 100 x 10
3 
ppm in acacia and wheat plants. Similar trends were observed for plant 
height and plant weight. 
11.1 The role of (T22) and plant interaction m remediation of 
petroleum crude oil 
The aim of this experiment was to investigate the role of Thar~ial1um (strain 
T22) as a seed coating in promoting plant growth and in remediation of petroleum oil in 
contaminated soil. 
It was found that T22 provided protection against the toxicity of petro leu m crude 
oil. It could be shown that plants inoculated with T22 grew better and taller than un-
inoculated plants. The shoot and root dry weights were increased by a mean average of 
21.8 % and 8 % for maize, 11.6% and 33.4% for sunflower and 16 and 16% for acacia. 
The reasons why Trichoderma protects plants against hydrocarbon toxicity are not 
clear. For example, Greensmith (2005) reported that Thal7.ial1Um (T22) increased the 
bio-availability of phenanthrene, suggesting that plants inoculated with T22 should be 
exposed to higher levels of hydrocarbons. It is possible that T22 solubilized plant 
nutrients, leading to increased plant growth. 
Data also showed that T22, when applied as a seed coating. significantly 
increased the total bacterial and fungal counts in non-polluted or petroleum polluted soil 
of maize, sunflower and acacia plants. Studies by other investigators reported that there 
are conflicting reports on the effectiveness of inoculating contaminated soil with 
microorganisms. However, these results are in line with the limits given by Amadi and 
Odu (1993) who reported an initial gradual increase in microbial population size 
following the application of petroleum hydrocarbon, followed by a decline as the 
biodegradation progressed. 
Other studies have found that inoculation enhances degradation of petroleum 
hydrocarbons (Ford et al., 1999: da Silva et al., 2003: Gomez et al.. 2003: Zhang c( al .. 
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2005) or this might be due to the fact that Trichodenna (T22) increased the bio-
availability of some hydrocarbon components leading to a larger population of 
hydrocarbon degraders. 
Further to the above work, an experiment was conducted to study the role of 
maize plant on biodegradation of polluted soil with petroleum crude oil. 
The principal aim of this experiment was to test whether or not planting 
enhances biodegradation of petroleum hydrocarbons and to asses the role of rhizosphere 
microbes in degrading oil and its degradable components. 
The soil used consisted mostly of sand particles (90 CJc) of the total soil particles 
which is referred to as "sandy textured soil". The natural soil of Saudi Arabia showed 
very low organic matter and CaC03 content, meaning the nutrient status is very poor 
and the EC of the soil is 1.62 dS m- I . 
The present study indicated that petroleum crude oil caused significant inhibition 
of maize seed germination (a 40.16 % decrease), a 47.1Y7( decline in the plant height 
and inhibition of the shoot and root weight; reaching 16.99 and 24.34CJc. respectively. 
The Hydrocarbon molecules can penetrate into plant tissues and damage all 
membranes causing leakage of cell contents and block intercellular spaces to reduce 
metabolite transport and respiration rates (Xu and Johnson, 1995). The toxic effect may 
be also due to the soil hydrophobicity (Li et .al., 1996). 
The petroleum crude oil added to soil had an inhibitory effect on the total 
heterotrophic bacteria in the rhizosphere of maize plant and non-rhizosphere soil (86.5 
and 65.0% respectively). It could also be shown that there were more hydrocarbon 
degraders in the rhizosphere than in non-rhizosphere soil. This is because plant root 
exudates provide soil microorganisms with nutrients (Singer et al., 2003). 
Results of this study showed that maize plants significantly increased petroleum 
degradation in the rhizosphere soil by 23.5%. compared to non-rhizosphere soil. This 
suggests the bioremediation of polluted soil can be carried out by cultivating petroleum 
polluted sites with maize plants. 
In studies conducted to investigate the combined effect of T.har:iall1111l (T22) 
inoculation and maize plants on bioremediation of petroleum crude oil in soiL it could 
be shown that inoculation with T22 improved seed germination by 28.5CJc in polluted 
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soil, providing protection to maize plants against the toxic effect of petroleum crude oil 
and that plants grew better and taller than plants that were not inoculated with T22. 
The present study indicated that inoculation of maize seeds with T22 enhanced 
the total count of heterotrophic and hydrocarbon-degraders (log mpnfgdw soil) in the 
rhizosphere and non-rhizosphere soil III petroleum-polluted soil. The ability of 
T.harzianum to increase the numbers of bacterial heterotrophic and hydrocarbon 
degraders may have something to do with the solubility of petroleum crude oil. Perhaps 
T22 produces surfactants such as fatty acids which increase the solubility of 
hydrocarbons making them more bioavailable to bacteria (Greensmith, 2005). From the 
present study it appears that hydrocarbons present in crude oil are faster degraded in the 
rhizosphere than in non-rhizoshere soil. Besides stimulating microbial populations 
involved in hydrocarbon degradation, T22 on root may increase uptake of various toxic 
metabolites (Harman, 2000). 
Besides biotic factors, abiotic factors were shown to be at least as important for 
enhanced degradation of petroleum hydrocarbons. Generally, higher total mean count of 
bacteria and fungi and also CO2 production were obtained at 50% soil moisture content. 
Water is not only a major component of living organisms, it also serves as a transport 
medium to carry nutrients to biota and carry wastes away. If the moisture content of the 
soil is low, there will be a loss of microbial activity (Frick et al., 1999). 
It was clear from the present study that the addition of nutrients in the form of 
N.P.K. (specific macro nutrients as nitrogen, super phosphate and potassium) stimulated 
the activity of bacteria and fungi in soil. It was found that the mean value of CO2 
production at 50% soil moisture content of petroleum contaminated soil amended with 
N.P.K. fertilizers was always higher than the corresponding figures of soil polluted with 
petroleum oil alone or in soil that was not polluted. These results clearly demonstrate 
that enhanced oil biodegradation can be achieved by adding mineral nutrients to 
contaminated soil (Frick et ai., 1999). 
Soil temperature is a controlling factor for the rate of biodegradation. The results 
of the present study revealed that the mean bacterial counts of the petroleum 
contaminated soil amended with N.P.K. fertilizers reached their maximum at 
temperatures between 35 and 40°C and significantly decreased at both lower and higher 
temperatures. In Saudi-Arabia, where soil temperatures can reach well oyer 50"e. it is 
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therefore important to device a means of cooling soils, rather than increasing soil 
temperatures as is the case in more temperate regions of the world. 
11.2 Bioremediation of petroleum polluted soil by using polyethylene 
cover and hydrogel 
The objective of this experiment was to assess the possibility of 
remediating polluted soil with polyethylene cover and hydrogel as remedies. It could be 
shown that water loss under polyethylene cover was more than 620C lower in polluted 
soil and more than 94% lower in non- polluted soil. Therefore, the soil cover led to 
increasing the soil moisture content. Application of hydrogel also decreased loss of 
water by an average of 8.2% and 14.8% in polluted and non polluted soil, respectively, 
compared to bare soil. Application of polyethylene cover and hydrogel in combination 
increased the water storage in sandy soil and consequently encouraged and increased the 
growth of microorganisms and plants. 
Concerning CO2 evolution, covering polluted and non-polluted soil 
with polyethylene cover and amending with hydrogel increased C02 evolution by 
48.5% in polluted soil and by 56.8% in non-polluted soil. Therefore, amendment with 
hydrogel and polyethylene covers created a favourable soil environment for microbial 
activity and had a positive effect on growth of hydrocarbon degradable microorganisms. 
11.3 Effect of T.harziallum T22 inoculation, hydrogel and polyethylene 
cover on the biodegradation of petroleum crude oil in soil 
The present study indicates that T22 inoculation to petroleum-
polluted soil improved the germination and maize plant growth. The same results were 
obtained in the pot experiments. It could be shown that T.harzianum.T22 applied as a 
seed coating in combination with polyethylene cover and hydrogel, enhanced seed 
germination and plant growth parameters more than in the non treated control or with 
T22 inoculation alone. 
Polyethylene cover seems beneficial for crop growth because of the 
complex change in the soil environment through the modification of soil temperature 
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and reduction in evaporation, all leading to more vigorous plant growth while enhancing 
microbial activity in soil. 
As expected, the inoculation with T22 alone or in combination with 
polyethylene cover and hydrogel had a stimulatory effect on the total bacterial count. 
hydrocarbon degraders and CO2 evolution the percentage increase 49.9S9C and 99.16c;( 
for total bacterial count and 15.17 % and 49.30% for hydrocarbon degraders. 
T22 inoculation alone in petroleum polluted soil caused a four - fold 
increase in C02 evolution but more than a six - fold increase when T22 was inoculated 
in combination with polyethylene cover and hydrogeL This suggests that the 
bioremediation of polluted soil using T22 is most effective when soil moisture 
conditions are optimized. This resulted in increased bioremediation of a numher of 
hydrocarbons. This increase may have been due to: 1) the improvement of soil 
properties, 2) the increase in plant growth which enhances the bioremediation of a soil 
contaminant, 3) changes in the microflora composition on root and soil, or 4) enhanced 
nutrient uptake. 
11.4 Future work 
The Phytoremidiation Technique has many advantages such as: 
1. Very low cost; 
2. Can be easily monitored; 
3. It's a natural technique; 
4. Can be used for bio-degradable pollutants. 
The results of this studay strongly supported the above mentioned advantages. 
Furthermore, it proved that the use of polyethylene cover and hydrogel in combination 
with T22 were very effective in the bioremediation of petroleum crude oil in Saudi 
Arabian soil. 
However, further improvements can be made by: 
1) Using dewatered sewage sludge instead of hydrogeL as this material is not 
only cheap. but also contains nutrients, making it an ideal soil conditioner. 
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2) Using the agricultural waste of some crops in Saudi Arabia (palm 1eayes or 
palm tree waste) as a mulch instead of polyethylene. 
3) Using indigenous Saudi Arabian plants instead of maize to provide root 
exudates to stimulate rhizosphere mediated or phytobial bioremediation (Caletropes, 
Acacia, etc.). Such plants would require little maintenance and will thrive for years. 
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